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Research involving a network of in situ mesocosms (ISM) in North Dakota, 
Minnesota, and Iowa has revealed significant variation in the denitrification capacity of 
aquifers in different regions of these states.  One aquifer in particular, the Elk Valley 
Aquifer (EVA) of east-central North Dakota, has the highest concentrations of electron 
(e-) donors (organic carbon ~0.4%, pyrite as S ~0.4%, and ferrous iron ~0.3%) within its 
sediments and the highest rates of denitrification.  The sediments at all of the ISM sites 
were deposited as outwash during the last Wisconsinan glaciation (~12ka), yet their e- 
donor concentrations vary.  I suggested that the e- donor concentrations in the EVA are 
high because the local bedrock units that would have contributed sediments to it as 
glacial outwash also have high concentrations of e- donors.  The purpose of this study 
was to evaluate the amount of e- donors available in the local Upper Cretaceous bedrock 
units. 
Bedrock samples (n = 38) from 20 sites in eastern North Dakota were obtained by 
drilling during the summer of 2006 in conjunction with the North Dakota State Water 
Commission (NDSWC).  Samples were frozen before analysis for mineralogical content 
by X-ray diffraction, organic carbon, pyrite as inorganic sulfide, organic sulfide, and 
ferrous iron concentrations.  It was hypothesized that the Niobrara, Carlile, and 
Greenhorn Formations would contain higher concentrations of e- donors than the Pierre 
Shale.  
Organic carbon concentrations in the Pierre (0.3% to 0.7%) are relatively low 
 xii
 xiii
while concentrations in the Niobrara (~2.9%) and Greenhorn (~3.7%) are significantly 
higher.  Pyrite as inorganic S concentrations in the Pierre (0.01% to 0.5%), Niobrara 
(~0.2 to 0.9%), and Greenhorn (~1.1%) are similarly distributed.  Ferrous iron was 
generally present in concentrations of 1.0% to 2.0% over the entire study area with some 
high concentrations measured in Greenhorn (2.2%) and Niobrara (3.5%) samples. 
Organic sulfide was generally insignificant, but was present in measurable amounts 
(0.1% to 0.8%) in samples that were also rich in organic carbon.  The Pierre showed the 
least variation of the formations tested, while the Niobrara showed the greatest.  This is 
likely the expression of two distinct Niobrara members, a calcareous shale and a chalky 
shale. 
Regional bedrock maps of shale formations and ice movements of the late 
Wisconsinan glaciation are used to show that there are likely other aquifers in North 
Dakota, and indeed other regions in the Upper Midwest, that contain aquifers rich in e- 
donors just as the EVA is.  These potentially reactive aquifers may play an important role 
in groundwater quality as the redox conditions within these aquifers are likely very 
different from that of others.  It is suggested that future research focus on identifying 













Ongoing denitrification research with in situ mesocosms (ISMs) (Korom et al., 
2005) in aquifer sediments at 13 sites in three states (Iowa, Minnesota, and North Dakota) 
indicate that the site in the Elk Valley aquifer (EVA), east-central North Dakota (ND), 
(Korom et al., 2005) has the fastest denitrification rates and the sediments have the 
greatest concentration of electron (e-) donors (organic carbon, inorganic sulfide, and 
ferrous iron) (Tesfay, 2006).  Schuh et al. (2006) estimated that the supply of e- donors in 
the EVA, an unconfined aquifer underlying cultivated land and used as a major source of 
drinking water, may be sufficient to reduce nitrate concentrations at current loading rates 
for centuries.  The aquifers hosting all of the ISM sites are of the same geologic age, 
being formed of outwash deposits during the retreat of the late Wisconsinan glaciation, 
20,000 to 11,600 B.P. (Fenton et al., 1983), yet, the e- donor concentrations in the 
sediments vary.  I proposed that the e- donor concentrations in the EVA are high because 
the local bedrock units that would have contributed sediments to it as glacial outwash 
also have high concentrations of e- donors.  To verify my hypothesis, bedrock samples of 
east-central ND were analyzed for common e- donors.  Analytical results, coupled with 
bedrock  maps of eastern North Dakota and known glacial movements, are used to 
predict other aquifers in eastern ND that, like the EVA, may also have high 
concentrations of e- donors, and, therefore, high denitrification capacities.  A bedrock 
map of the Upper Midwest showing directions of the ice movements of the late 
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Wisconsinan glaciation is also used to show that there are other regions in the US with 
similar geological features, thereby predicting likely locations of other aquifers rich in e- 
donors. 
Nitrate, one of the most prevalent forms of groundwater pollution (Freeze and 
Cherry, 1979), predominantly originates from anthropogenic sources such as agricultural 
and livestock production (Rivett et al., 2008), which are prevalent activities across North 
Dakota.  Excess nitrate inputs can cause eutrophication of surface water as well as reduce 
the quality of subsurface supplies (Aravena and Robertson, 1998).  The primary natural 
nitrate attenuation process is denitrification. This process requires an oxygen-limited 
environment, the presence of nitrogen digesting bacteria, and the availability of e- donors 
(Korom, 1992; Starr and Gillman, 1993; Rivett et al., 2008).  According to Korom (1992) 
the three most common e- donors are organic carbon, sulfide (typically as pyrite, FeS2), 
and ferrous iron minerals.  Research has also shown that the controlling factor in this 
reaction has typically been the availability of suitable e- donors within the aquifer 
sediments (Korom, 1992; Rivett et al., 2008).  
Igneous derived sediments are not likely to contain significant quantities of e- 
donors, and, of the common e- donors, only iron could be present in significant quantities.   
Ferrous iron could originate from several igneous minerals including amphibole 
(grunerite), pyroxene (ferrosilite), biotite, olivine, glauconite, chlorite (chamosite / 
clinochlore), magnetite, or ilmenite (Appelo and Postma, 1996).  One, if not several, of 
these minerals could be found in a variety of igneous settings.  Organic matter is not 
likely to be found in igneous derived sediments although it could be entrained during the 
sedimentation process.   
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Of the common sedimentary rocks, sandstones and other clastic rocks likely 
reflect the character of their parent rock(s), while limestone and other chemical 
sedimentary rocks may contain e- donors.  If fact, denitrification has been observed and e- 
donors have been measured in limestone and dolomite aquifers (Lawrence and Foster, 
1986; Rivett et al., 2007).  However, shale has the greatest potential to contain e- donors 
due to its environment of deposition. 
Shale underlies more of Earth’s land surface than any other rock (Pettijohn, 1957) 
and as such its geochemistry in regards to e- donors is fairly well known.  Organic carbon 
is common in shale and a major component of black shales, typically averaging > 3% in 
black shales and about 0.65% in gray shales (Vine and Tourtelot, 1970).  The organic 
matter can accumulate in a variety of ways and will be preserved provided its 
depositional rates outweigh decompositional rates (Tourtelot, 1979).  While most shales 
are marine in origin, the preserved organic carbon likely represents both terrestrial and 
marine sources and may or may not be associated with high inorganic carbon (calcite) 
concentrations (White and Arthur, 2006).  
Pyrite and other sulfur forms (such as organic sulfur) are commonly associated 
with organic carbon in shale, and form early in the diagenetic process (Tourtelot, 1979; 
Pratt and Brassell, 1994).  Pyrite is the only iron sulfide mineral to form in marine 
environments (Schoonen, 2004).  Paytan et al. (2004) report that pyrite forms in 
sediments by reduction with organic carbon serving as the oxidant.  Typically, the 
limiting factor in pyrite formation is the supply of buried organic carbon (Shultz, 2004). 
Pyrite also serves as a significant source of ferrous iron in shale and may be oxidized to 
iron oxide or gypsum (Schultz et al., 1980; Tourtelot and Cobban, 1968).  Other sources 
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of iron may include clay minerals, goethite/hematite, jarosite, detrital biotite, or some 
carbonate minerals (Tourtelot,1962; Cole et al., 1978; Fischer and Gaupp, 2005).  
The bedrock of eastern North Dakota predominantly consists of a series of shale 
and related rocks deposited during the Late Cretaceous period (Bluemle, 1986a).  These 
Cretaceous strata dip slightly to the west and subcrop beneath glacial till (Hanson and 
Kume, 1970).  The sequence of stratigraphic units is summarized in Figure 1.  The 
Greenhorn Formation and the Carlile Formation are both dark-gray shales, while the 
Niobrara Formation is generally lighter in color and is highly calcareous (Carlson, 1964; 
Merewether and Cobban, 1981; MacDonald and Byers, 1988).  The Niobrara has been 
described as containing two unnamed members in eastern North Dakota: a lower, dark 
gray, calcareous shale and an upper, chalky member (Carlson, 1964; Shurr and Reiskind, 
1984; Reiskind, 1986).  Most of eastern North Dakota’s bedrock consists of the Pierre 
Formation, a thick, gray, noncalcareous shale which unconformably overlies the 
Niobrara.  The Pierre contains several members including a dark-gray to black member 
known locally as the Pembina Member and elsewhere in the United States as the Sharon 
Springs Member (Schultz et al., 1980).  The relatively high organic carbon and pyrite 
contents of this member are well established (Tourtelot, 1962; Gill and Cobban, 1965; 
Schultz et al., 1980; Kulp and Pratt, 2004).  Due to their westerly dip, the lowest 
members of the Pierre and Niobrara Formations subcrop at the easternmost extent of each 
formation (Figure 2).  
The EVA mentioned above lies in close proximity to all of these formations 
(Figure 2).  Its sediments were deposited as an underflow fan and much of its sediment 
originated from the nearby or underlying Pierre, Niobrara, and Carlile Formations 
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(Clayton and Moran, 1981; Hansen and Kume, 1970; Schuh et al., 2006).  Similar glacial 
processes in North Dakota and other northern states have likely created other aquifers 






























































































Figure 1: Generalized stratigraphic column of the Late Cretaceous units present in eastern 
North Dakota with associated geochronologic stages (Modified from Wosick, 1977, Gill 
and Cobban, 1965, and Bluemle et al. 1981). Stage dates are from Roberts and 
Kirschbaum, 1995. 
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Figure 2: Underlying bedrock and glacial direction near the Elk Valley Aquifer. Deposition of the 
EVA was constrained on the east by the Pembina Escarpment and on the west by the Edinburg 
Glacial Lobe. The EVA is seen in close geographic proximity to several shale units that are 
potentially rich in electron donors. The inset shows the geographic extent of Cretaceous shale in 









MATERIALS AND METHODS 
Samples were collected in June 2006 by drilling to the bedrock in seven eastern 
North Dakota counties (Figure 3 and Appendix A).  Upon extraction from the subsurface, 
lithologic cuttings were rinsed to remove drilling fluid, vacuum sealed in plastic bags, 
and frozen until needed for analysis.  After sampling was completed, the holes were 
plugged with bentonite.  Two to three samples were collected from each site in 3.05 – 
6.10 m intervals; 20 sites yielded 36 samples.  Formations were identified in the field and 
later reviewed in the laboratory.  The field identification was checked against the reported 
lithologic descriptions (Bluemle, 1986a) and the X-ray diffraction (XRD) analysis.  
Samples that did not clearly exhibit properties of one formation or another were assigned 
to the formation that more closely matched its properties.  Existing bedrock maps proved 
unreliable for formation identification based solely on location.  Confident stratigraphic 
identification of Pierre members was not possible.  
Analyses consisted of XRD analysis for mineralogy, total organic carbon analysis 
(Churcher and Dickout, 1987), inorganic sulfide analysis (Canfield et al., 1986), ferrous 
iron analysis using a modified method of Kennedy et al. (1999), and a method for organic 
sulfide adapted from Tabatabai (1996) and LaCount et al. (1997).  Our method for 
organic sulfide involves first removing various soluble sulfur forms and pyrite and then 
combusting the sample at a temperature low enough (T < 650 °C) not to combust other  
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Figure 3: Borehole locations in eastern North Dakota with approximate extent of      
bedrock subcrops. 
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insoluble sulfate minerals, such as barite (BaSO4). Tests showed the method was not 
sensitive to barite, a common marine shale mineral (Payton et al., 2004) most likely to 
survive the digestion phase (Appendix A).  All chemical analyses were carried out at 
UND’s Environmental Analytical Research Laboratory (EARL).  Detailed methodologies 
for these analyses are reported in Appendix A. 
Because quantification limits varied on a daily basis, reported instrument 
detection limits are not always the most effective way to establish reliable data.  As such, 
duplicate analyses of all samples herein were standard procedure for the combustion 
methods of organic carbon and organic sulfide.  Duplicate analyses were also performed, 
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When the result of Equation 1 was less than 25%, the results were assumed to be 
reproducible and both values were kept.  If the result of the formula was > 25% the 












XRD analysis was able to differentiate between samples from the different shale 
formations.  Generally, results of the XRD yielded significant quantities of quartz and 
calcite as well as a variety of clay minerals, such as smectite and illite.  Pyrite was also 
present in each of the formations sampled and was generally found in samples of a 
medium to dark gray color, which is typically also an indication of higher organic carbon 
content (Appendix B).  XRD analysis also showed that the curves from different depth 
intervals in the same borehole differed primarily in the peak intensity, but differed little 
in peak distribution.  Characteristic features were identified within the curves that were 
used to help differentiate the different samples.  The results of XRD are summarized in 
Table 1 and all XRD intensity curves are included in Appendix C.  
The samples from the Pierre Formation showed the most variation in mineral 
composition.  Five of the 11 boreholes contained calcite while in the other six pyrite was 
positively identified.  Plagioclase was also found in seven of the borehole sites.  Clay 
minerals and mica were positively detected in all the boreholes in some combination of 
smectite, illite, or muscovite.  A broad cristobalite peak characterized samples from three 




Table 1: Results of XRD analysis. Q - Quartz, Cal - Calcite, Pyt - Pyrite, Plag - Plagioclase 





(ft) Formation Q Cal Pyt Plag I Mus Smec Crt Dol 
T051506 390-400 Pierre X   X X X         
T051806 140-160 Pierre X   X X X         
T051905 101-111 Pierre X   X X           
15337A 66-80 Pierre X   X X X       X 
15337C 90-100 Pierre X   X X X         
15338A 15-20 Pierre X         X       
15338B 25-30 Pierre X         X       
15338C 35-40 Pierre X     X   X       
15396 96-100 Pierre X X   X           
15401 20-40 Pierre X X   X X         
15339A 20-25 Pierre X   X         X   
15339C 37-40 Pierre X   X       X X   
15341A 265-270 Pierre X X           X   
15343A 40-45 Pierre X X   X       X   
15344A 40-45 Pierre X X         X     
                        
15345A 12-18 Niobrara X X               
15345C 15-20 Niobrara X X               
15347A 60-65 Niobrara X X               
15347C 75-77 Niobrara X X               
15346A 60-65 Niobrara X X X             
15346C 70-75 Niobrara X X X             
15349A 43-48 Niobrara X X X             
                        
15348A 70-100 Carlile X X X             
15348C 80-100 Carlile X X X             
S062706 245-260 Carlile X                 
                        
15350A 131-140 Greenhorn X X X             
15350B 142-150 Greenhorn X X X   X X       
15350C 150-160 Greenhorn X X X             
S062106 379-400 Greenhorn X X X             
S062806 300-320 Greenhorn X X X X         X 
 
 The Niobrara Formation was distinctive in that the dominant mineral was calcite 
instead of quartz.  All samples contained predominantly calcite and quartz, and in the two 
western-most boreholes, those two minerals could account for nearly major every peak.  
Not surprisingly, these samples tended to be lighter in color.  Samples from the more 
eastern boreholes contained more peaks, although the only additional mineral identified 
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was pyrite.  The Carlile Formation samples also contained quartz, small amounts of 
calcite, and pyrite.  The Carlile Formation is described as non-calcareous with abundant 
gypsum (Bluemle, 1986a); however, gypsum was not detected.  The Greenhorn 
Formation samples also contain quartz, a large amount of calcite, and pyrite.  Plagioclase, 
illite, and muscovite are also present in some samples.  The relative heights of the quartz 
and calcite peaks are diagnostic of this formation in this study. 
Chemical Analysis 
Summary results for each donor are reported in Table 2.  Summary results by 
formation are also reported in Table 3 and Figure 4.  Depth within a borehole did not 
seem to be a factor as the upper section (0 to 6.10 m below the bedrock contact) was just 
as likely to produce a higher donor value as the lower section (6.10 – 12.20 m below the 
contact).  As a result, values from each depth interval were averaged into a single value 
for each borehole tested. 
Table 2: Results of each donor test. The results of the individual samples from each 
borehole have been averaged together to produce one value per location. All results are 
reported by weight %. Results for the organic donors represent values adjusted for Pre-
Treatment (PT) weights. All OS tests for T051906 exceeded the 25% difference standard 
and were exclude. The values for Total Ferrous Iron are those referenced throughout the 
report.  
Field ID Formation %S-      
OS (PT Eq) 
(%) 
OC (PT 





    
NR – Not 
reproducible   
Extraction 
method      
T051506 Pierre 0.51 0.006 0.654 1.04 0.45 1.49 
T051806 Pierre 0.54 0.007 0.552 1.03 0.47 1.49 
T051906 Pierre 0.41 NR 0.485 1.07 0.36 1.42 
15337 Pierre 0.48 0.003 0.731 0.94 0.42 1.36 
15338 Pierre 0.49 0.008 0.606 1.32 0.42 1.74 
15339 Pierre 0.36 0.011 0.442 0.59 0.31 0.90 
15341 Pierre 0.26 0.008 0.505 0.82 0.23 1.04 
15343 Pierre 0.44 0.010 0.347 0.91 0.38 1.29 
15344 Pierre 0.39 0.008 0.521 1.73 0.34 2.07 
15345 Niobrara 0.32 0.007 0.427 3.26 0.28 3.54 
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Table 2 Cont. 
Field ID Formation %S-      
OS (PT Eq) 
(%) 
OC (PT 





15346 Niobrara 0.90 0.586 5.557 0.67 0.79 1.46 
15347 Niobrara 0.22 0.004 0.451 1.29 0.19 1.49 
15348 Carlile 0.87 0.105 1.967 0.86 0.76 1.62 
15349 Niobrara 0.73 0.795 5.306 0.67 0.63 1.31 
15350 Greenhorn 2.09 0.611 4.856 0.45 1.82 2.27 
S062106 Greenhorn 0.56 0.533 3.804 0.58 0.49 1.07 
S062706 Carlile 1.16 0.038 1.566 1.18 1.01 2.19 
S062806 Greenhorn 0.59 0.094 2.478 1.07 0.52 1.58 
15396 Pierre 0.47 0.013 0.327 0.86 0.41 1.27 
15401 Pierre 0.07 0.007 0.710 1.32 0.06 1.38 
 
 
Table 3: Average values and standard deviations by formation. 
 Formation n IS stdev OS stdev OC stdev Total Fe stdev 
Pierre 11 0.40 0.14 0.008 0.003 0.53 0.13 1.41 0.31 
Niobrara 4 0.54 0.33 0.348 0.405 2.94 2.88 1.95 1.06 
Carlile 2 1.02 0.20 0.071 0.047 1.77 0.28 1.90 0.40 

















































Figure 4: Average weight % abundance of e- donors by formation. N represents the 
number of boreholes from each formation. 
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Inorganic Sulfide 
 Inorganic sulfide (IS) was the most thorough analysis conducted in this study.  It 
was determined that the IS methodology could be used for organic sulfide analysis 
(Appendix A) and thus the IS test was repeated on nearly every sample (72 individual 
analysis).  The samples showed excellent reproducibility among all the duplicate tests.  
The complete results and calculations are reported in Appendix B.  
 Overall, IS accounts for about 15% of the total donors present in all the tested 
samples.  Values ranged from 0.067% by weight in a Pierre sample (15401) to 2.39% in a 
Greenhorn sample (15350C).  All of the inorganic sulfide measured in this test was 
assumed to be in the form of pyrite, as it was the only sulfide mineral identified by XRD 
and it is the most commonly occurring sulfide mineral (Schoonen, 2004).  IS was 
measured above the detection limit in all the samples and was present in all the 
formations. Pyrite flecks were observed in some sample cuttings during collection 
(Appendix D).   
 Inorganic sulfide within the Pierre samples averaged about 0.4% by weight and 
appears evenly distributed within the study area.  IS accounts for about 17% of the e- 
donors present in the Pierre samples (Figure 4).  Within the Niobrara Formation, the 
occurrence of pyrite as IS is not as uniform.  In a pattern that is repeated with other 
donors, the highest concentrations were measured in the easterly Niobrara boreholes, 
15346 and 15349, with an average of 0.82% by weight.  The highest measured 
concentration in this formation of 1.16% occurs in borehole 15346.  The two more 
westerly boreholes, 15345 and 15347, contain lower concentrations of IS and average 
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0.32% by weight.  The lowest measured concentration of 0.18% in this formation occurs 
in borehole 15347. 
 The Carlile and Greenhorn samples both average about 1% IS by weight, which 
accounts for 21% of the donors in the Carlile Formation and 16% in the Greenhorn 
samples (Figure 4).  Two of the Greenhorn sites averaged about 0.6% IS while a third 
borehole, 15350, averaged 2.1% pyrite, which is by far the highest IS value of any 
individual site.  
Organic Sulfide 
 Overall, the test for organic sulfide (OS) yielded the lowest values of the e- donors 
tested.  The highest value of 0.79% came from a sample identified as Niobrara Formation 
(sample 15349), while several samples came in at close to or below detection.  As a 
result, OS accounts for approximately 4% of the total available e- donors within the study 
area.  It would not be unreasonable to state that OS should not be considered a significant 
donor within the Pierre or Carlile Formations.  Within the other two formations, OS 
accounts for approximately 6% of the available donors and is a minor contributor at best.  
Complete results and calculations are reported in Appendix B. 
 The test for organic sulfide revealed that very little OS is present in samples 
identified as Pierre Shale.  All 11 boreholes had concentrations of less than or equal to 
0.01% by weight.  The average value of samples from the Pierre was 0.008%.  Within the 
Niobrara Formation, samples from the two westerly boreholes, 15345 and 15347, were 
among the lowest reproducible values.  On the other hand, the remaining two eastwardly 
boreholes yielded values that were among the highest of any of the boreholes tested.  Not 
coincidentally, these samples were darker in color and also high in OC.  
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 A measureable quantity of OS was found in samples identified as Carlile, with 
~0.1% in boreholes 15348 and about 0.04% from borehole S062706.  In comparison to 
the other donors available within the Carlile Formation, OS is not a significant 
contributor.  OS within the Greenhorn was also among the highest measured amounts, 
averaging about 0.41% for all samples in the formation.  The borehole S062806 had an 
average of about 0.09% OS and may represent a transitional zone between Carlile and 
Greenhorn.  
Organic Carbon 
Seventy-two organic carbon (OC) analyses were preformed on 36 individual 
samples.  The highest OC concentrations were measured in a Niobrara and a Greenhorn 
sample, which each had 6.4% pre-treatment equivalence by weight.  The lowest value 
from any sample, 0.29%, was also from the Niobrara.  OC accounts for approximately 
45% of the e- donors available in the sampled material.  Organic carbon is also a 
dominant donor within each formation.  Duplicates show excellent reproducibility well 
below the 25% difference standard for Equation 1.  Complete OC analyses and 
calculations are reported in Appendix B. 
Pierre samples contained relatively low amounts of organic carbon, ranging from 
0.35% to 0.73%.  Organic carbon accounts for about 23% of the donors available within 
the Pierre samples.  Niobrara samples are all highly calcareous, but are split between 
organic carbon-rich and organic carbon-poor samples.  As with OS, the two westward 
Niobrara boreholes averaged 0.44% by weight, while the two eastward boreholes 
averaged 5.43% organic carbon.  OC is the dominant donor within the Niobrara 
accounting for just over 50% of the available donors in the formation.  
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Organic carbon is the dominant donor in the Carlile and Greenhorn Formations as 
well.  Values ranged from 1.6% to 2.1% in the Carlile sample and 2.5% to 6.4% in the 
samples identified as Greenhorn.  The Greenhorn samples also contained higher amounts 
of inorganic carbon than the Carlile.  
Ferrous Iron 
 The results for ferrous iron resulted from two tests: the wet chemical extraction 
technique (Appendix A) and the Fe(II) associated with pyrite as measured by the method 
for inorganic sulfide.  Ferrous iron does not follow the pattern of the other e- donors, that 
being low in the Pierre and higher in the other three formations.  Instead Fe(II) is the 
dominant e- donor present in the Pierre samples and the second most abundant in the 
other formations.  Of the 44 analyses conducted, the highest value by a wide margin 
came from borehole 15345 with an average value of 3.45%.  Iron nodules were observed 
in the drill cuttings of this borehole, so the high concentration is not surprising.  The 
lowest iron value, 0.9%, was from a Pierre sample (15339).  Complete results and 
calculations are reported in Appendix B. 
 Ferrous iron is relatively more abundant in the Pierre Formation than the other 
donors tested.  The highest average value from any single borehole was 2.1% with an 
overall average for the formation of 1.4%.  Although it is not clearly defined, the Fe(II) 
values tend to increase towards the east within the Pierre samples.  Aside from the 
previously high Niobrara site, the remaining three sites average 1.4% by weight as well.  
There was not an east – west difference as observed with the other donors.  The Carlile 
and Greenhorn Formations each have a site with greater than 2% Fe(II) and overall 
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average 1.9% and 1.6%, respectively.  Fe(II) is 2.7% more abundant in the Carlile than 
OC and is the second most abundant donor in the Greenhorn.  
Statistical Correlations 
Statistical analysis was carried out on the data from 20 boreholes for the IS, OC, 
and Fe(II) donors with 19 boreholes representing the OS data, as the OS data from one of 
the boreholes were not reproducible.  Before the donor distributions could be compared, 
the normality of their individual populations was tested.  This was accomplished using 
the Shapiro & Wilk “W-test” (Gilbert, 1987).  Both the lognormal transformed and non-
transformed populations were tested for each donor.  The results show that the entire 
suite of donors could not be considered to be normally distributed whether they are log 
transformed or not (Appendix B).  Thus, the nonparametric Spearman Rho test (Conover, 
1971), which does not assume an underlying distribution, was utilized for statistical 
comparisons. 
 Correlations were tested between the different donors at the individual formation 
level and across the entire study area.  Correlations with longitude were also tested for 
each donor.  The one-tailed version of the test was employed to determine if positive or 
negative correlations existed between the donors using critical values corresponding to α 
= 0.05 (Table 4).  Correlations were also checked within the 11 Pierre boreholes and the 9 
remaining boreholes.  However, the reduced sample size resulted in only a few 
correlations that were determined to have limited implications for this research. 
 Organic carbon, organic sulfide, and inorganic sulfide are all positively correlated 
with longitude.  As expected, the test failed to correlate the ferrous iron with longitude.  
The test also showed that the donors correlated well with each other.  Organic carbon, 
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organic sulfide, and inorganic sulfide all correlated with one another with an alpha value 
of 0.05 and ferrous iron correlated with inorganic sulfide with an alpha value of 0.1, but 
not with the other e- donors. 
 
Table 4: Results of Spearman correlations and associated critical values of Rho. All 
correlations with OS involve 19 instead of 20 points due to eliminated values. Critical 
values represent α = 0.05 and are from Table 10 in Conover (1971). 
Spearman Rho test for positive correlation  
Ho: There is not a positive correlation of the two donors' average values. 
  IS OS OC Fe 
IS x Ho rejected Ho rejected Ho NOT rejected* 
OS   x Ho rejected Ho NOT rejected 
OC    x Ho NOT rejected 
Fe       x 
Longitude Ho rejected Ho rejected Ho rejected Ho NOT rejected 
* rejected at α = 0.1    
 
Spearman Rho test statistic (-1 < ρ < 1) 
  IS OS OC Fe 
IS x 0.6327 0.7474 0.3323 
OS   x 0.5825 0.0741 
OC    x 0.2045 
Fe       X 
Longitude 0.4752 0.6895 0.6045 0.2496 
 
Critical values of ρ, α = 0.05 
  IS OS OC Fe 
IS x 0.3895 0.3789 0.3789 
OS   x 0.3895 0.3895 
OC    x 0.3789 
Fe       x 












 There is clearly a trend toward eastern prominence of e- donors among the 
samples and formations investigated.  If the samples are averaged among the formations, 
the more eastern Niobrara, Carlile, and Greenhorn Formations contain higher quantities 
of all e- donors tested than the Pierre Formation (Figure 4).  This is particularly evident of 
the organic species, which are nearly three times more prevalent in the eastern 
formations.  Not coincidentally, samples of these formations were generally as dark or 
darker than samples from the Pierre.  Inorganic sulfide, presumably as pyrite, was also 
twice as abundant in the eastern formations as the sampled Pierre.  Ferrous iron, was also 
more abundant in the eastern formations, although only slightly so, with an average of 
1.8% by weight to 1.4% in the Pierre.  
 When the results are broken down by borehole, further variation is observed.  
Organic carbon occurs in the highest concentrations in two of four Niobrara boreholes 
(the two eastern-most sites) and two of three Greenhorn boreholes.  More organic carbon 
is present in the Carlile boreholes than the Pierre, although the difference is small (Figure 
5).  A similar overall trend can be seen in organic sulfide results, although the effect is 
less dramatic due to much lower overall concentrations (Figure 6).  Inorganic sulfide has 
its highest values in one of two Carlile boreholes and one of three Greenhorn boreholes 
(Figure 7).  The remaining boreholes are generally higher in concentration than those of 
the Pierre.  Ferrous iron is much more evenly distributed, as noted previously (Figure 8).   
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In fact, the highest values of ferrous iron come from the most eastern Pierre borehole and 
the most western Niobrara borehole.  Similarly high values occur in boreholes across the 
study area.  These observations were confirmed with the Spearman Rho test which shows 
statistically significant, positive correlations with more eastern values of longitude and all 
donors except for ferrous iron (Table 4).  Clearly these organic-rich shale formations in 
eastern North Dakota have relatively large supplies of e- donors.    
However, the variation within formations is somewhat unexpected (Figure 9).  
The standard deviations are considerably higher for certain donors in both the Niobrara 
and Greenhorn formations.  The reason for this is obvious for the Niobrara as the two 
western samples were much lighter in color and had a composition of a chalky shale and 
were over 50% carbonate by weight (Appendix B).  The subcrop of these formations 
represents a geographically small area that is also approximately the easternmost extent 
of deposition. As a result a sharp facies change could explain the variability observed.  
As noted earlier, two distinct members have been described in the Niobrara and these 
may be evident in the results.  The Pierre Formation, which has the greatest exposure, 
also has the least variability.  This occurs despite the samples likely representing the 
Degrey, Gregory, and possibly Pembina Members.   
In a broader perspective, the e- distribution observed in underlying bedrock is not 
unlike that observed in the local aquifer systems.  The dominant e- donors in the 
Niobrara, Carlile, and Greenhorn Formations are organic carbon and inorganic sulfide.  
Aquifers east of the Pembina Escarpment and thus within the vicinity of these formations  
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Figure 9: Average values by formation for each donor. The bars represent ± 1 standard 
deviation, both in concentration and spatial range. 
 
also tend to be enriched in OC and pyrite (e.g. the EVA).  In aquifers to the west, iron 
tends to the dominant e- donor, just as iron is the predominant donor in the Pierre (Tesfay, 
2006). 
According to Clayton et al. (1980) the general direction of glacial movements in 
eastern North Dakota was south to southwest.  As a result, several aquifers were 
deposited in close proximity to Niobrara, Carlile, and Greenhorn Formations and likely 
contain significant amounts of these units within their sediments.  Figure 10 illustrates 
these aquifers, which like the EVA, are likely to be rich in e- donors. This list may not be 
exclusive, as other aquifers, such as the southern portion of the Spiritwood system may 















































   
Figure 10: Map of eastern North Dakota aquifers with high electron donor potential  
based on local bedrock formations. 
 
 28
the coarseness of aquifers or other factors that may influence their donor concentration or 
reactivity.  However, the number of aquifers whose electron donor capacity remains 
unexplored and yet share similar depositional characteristics to the EVA illustrates how 
widespread similar reactive aquifers may be in eastern North Dakota. 
These geologic phenomena are decidedly not unique to North Dakota.  These Late 
Cretaceous units were deposited by the Western Interior Seaway, which at its maximum 
extent covered the entire central North American continent from the Arctic Sea to the 
present day Gulf of Mexico.  As a result, these formations are widespread and recognized 
across most of the Great Plains states.  Certainly, large variations would be expected 
owing to the large geographic extent of these units.  For example, the Niobrara and 
Greenhorn Formations are recognized as limestones in Nebraska and Kansas (Shurr, 
1984; MacDonald and Byers, 1988).  However, just as certain areas may be less likely to 
contain e- donors, they may be concentrated elsewhere. 
I suggest that most shale formations have the potential for significant quantities of 
e- donors, particularly if they are known to contain pyrite or higher concentrations of 
organic material (> 1%) or both. Furthermore, wherever these formations exist in 
glaciated terrains the potential for aquifers composed of shale parent materials, such as 
the Elk Valley Aquifer, is very good. Certainly some of these aquifers will contain 
significant quantities of e- donors as well, principally those associated with the most 
recent glacial events. 
Figure 11 shows gray and black shales of the upper Midwest as well as the extent 
of the most recent, glaciation (Wisconsinan) and the major associated ice movements.  


























































































































“gray shales”.  There may be other gray shale units in the upper Midwest that also have 
relatively high concentrations of e- donors.  Furthermore, any aquifers derived of the 
black shale units of Michigan, Indiana, or Ohio are very good candidates for e- donors.  
These associations are not only limited to their effect on denitrification.  
Wherever large supplies of e- donors exist the redox conditions of an aquifer will be 
affected.  As stated by McMahon and Chapelle (2008, pg. 259) “Reduction/oxidation 
(redox) processes affect the chemical quality of ground water in all aquifer systems. 
Redox processes can alternately mobilize or immobilize potentially toxic metals 
associated with naturally occurring aquifer materials . . . contribute to the degradation or 
preservation of anthropogenic contaminants . . . and generate undesirable byproducts 
such as dissolved ferrous iron (Fe2+), hydrogen sulfide (H2S), and methane (CH4) . . .”  
The associations of shale, glacial activity, and subsequent aquifer deposition may be a 












An exploratory study of four eastern North Dakota shale formations has been 
conducted and showed significant differences in their e- donor capacity.  Dominant 
minerals of the formations, as identified by XRD, are quartz, calcite, clay minerals 
(smectite, illite), with lesser amounts of muscovite, feldspar, and pyrite.  The western 
Pierre Formation has the lowest average donor contents while the eastern Greenhorn 
Formation has the highest average values.  The Pierre also showed the least variation of 
the formations tested, while the Niobrara showed the greatest.  The variation in the 
Niobrara is likely the expression of two distinct members, a calcareous shale unit and a 
chalky shale unit.   
Organic carbon, inorganic sulfide, and ferrous iron are all important e- donors, 
while organic sulfide was present, but only relatively high at a few sites.  Organic carbon 
concentrations in the Pierre range from 0.3% to 0.7% and are comparatively low, while 
concentrations in the Niobrara range from 0.4% to 5.5% and in the Greenhorn range from 
2.5% to 4.8%, a significantly higher amount.  Pyrite (as inorganic S) concentrations in the 
Pierre range from 0.01% to 0.5%, while the Niobrara (0.2% – 0.9%) and Greenhorn (0.5 
– 2.1%) again have significantly greater amounts.  Ferrous iron was generally present in 
concentrations of 1.0% to 2.0% over the entire study area with some higher 
concentrations measured in Greenhorn (2.2%) and Niobrara (3.5%) boreholes. Organic 
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sulfide was generally insignificant, but was present in measurable amounts (0.1% to 
0.8%) in samples that were also rich in organic carbon.  
Significant correlations exist for the various e- donors, showing a general increase 
in donor content from west to east.  The donors are also correlated with each other 
indicating that if high concentrations of one donor are found, high concentrations of the 
other donors are also likely to be found.  Thus, within eastern North Dakota, aquifers 
composed of sediments from the older and more eastern bedrock formations have a 
greater probability of having high concentrations of e- donors in their sediments.   
The association of e- donor-rich bedrock shale, glacially driven deposition, and 
correspondingly e- donor-rich aquifers is not a phenomenon unique to North Dakota.  The 
conditions exist across the northern United States and perhaps many areas of the world 
for similar development of aquifers rich in e- donors.  It is suggested that future research 
projects in North Dakota and elsewhere take careful consideration of the bedrock or other 














































































Samples were collected in June of 2006 by drilling to the bedrock in seven eastern 
North Dakota counties. Twenty-five potential sample locations were identified in 
Stutsman, Foster, Griggs, and Steele counties based on depth to bedrock (Bluemle, 
1986b) and by previous drilling logs (Winters, 1963; Bluemle, 1965; Hansen and Kume, 
1970; Bluemle, 1975). These sites were scouted and cleared with the landowners. The 
North Dakota State Water Commission’s Forward Rotary drill rig was used to collect the 
samples. Upon extraction from the subsurface, lithologic cuttings were rinsed to remove 
drilling fluid, vacuum sealed in plastic bags, and frozen until needed for analysis. After 
sampling was completed the holes were plugged with bentonite. Two to three samples 
were collected from each site in 10 – 20 foot intervals. Sampling locations and depths are 
reported in Table 1. One observation well was installed in the Pierre Formation at site 
15344 (location 14505604 SWSWSW) as methane gas was reported to be developing 
from domestic wells in the area. Information on this well can be obtained by contacting 
the NDSWC.   
 
A total of 12 sites yielded 28 samples. Eight additional samples from eight sites in 
Benson, Kidder, Nelson, and Cass Counties were collected later by the North Dakota 
State Water Commission during the course of their regular summer drilling schedule. The 
State Water Commission was very helpful in this entire effort. 
 
Formations were identified in the field and later review in the laboratory. The 
field identification was checked against the reported lithologic descriptions (Bluemle et 
al., 1981) and the X-ray diffraction analysis. Samples that did not clearly exhibit 
properties of one formation or another were assigned to the formation that most closely 
matched its properties. Existing bedrock maps proved unreliable for formation 
identification. 
 
The sample taken closest to the bedrock/till interface is designated “A”. The 
deepest sample from a borehole was designated “C”. If an intermediate sample was 
taken, this was designated with a “B”. Samples starting with “S” or “T” did not have an 











Table 5: Name, depth interval, and location for each sampled borehole. The designation 
"A" indicates the sample closest to the bedrock/overburden interface. “C” represents the 






surface) Township, Range, Section Latitude Longitude 
Sample 
Date 
T051506 390 - 400 139N, 72W, 34 SESENE 46.8121 -99.7520 5/15/2006 
T051806 140 - 160 138N, 72W, 2 SWSESE 46.7976 -99.7309 5/18/2006 
T051906 101 - 111 138N, 71W, 8 NWSWSW 46.7832 -99.6679 5/19/2006 
15337A 66 - 80     
15337B 80 - 90 146N, 66W, 34 SESWSW 47.2480 -99.0260 6/12/2006 
15337C 90 - 100     
15338A 15 - 20     
15338B 25 - 30 145N, 67W, 23 NWNWNW 47.3630 -99.1690 6/12/2006 
15338C 35 - 40     
15339A 20 - 25     
15339B 25 - 30 143N, 64W, 10 SWSWSW 47.2190 -98.7730 6/12/2006 
15339C 37 - 40     
15341A 265 - 270 
15341C 275 - 276 
143N, 62W, 4 SESWSW 41.2340 -98.5400 6/13/2004 
15343A 40 - 45 
15343C 55 - 60 
145N, 57W, 8 NENENE 47.3920 -97.9550 6/14/2006 
15344A 40 - 45 
15344C 55 - 60 
145N, 56W, 4 SESESE 47.4050 -97.8060 6/14/2006 
15345A 12 - 18     
15345B 35 - 40 146N, 56W, 36 NWNWNW 47.4210 -97.7420 6/14/2006 
15345C 15 - 20     
15346A 60 - 65 
15346C 70 - 75 
145N, 55W, 4 NWNWNW 47.4070 -97.6780 6/14/2006 
15347A 60 - 65 
15347C 75 - 77 
145N, 55W, 7 NWNWNE 47.3920 -97.7210 6/15/2006 
15348A 70 - 100 
15348C 80 - 100 
147N, 55W, 4 SWSESW 47.5810 -97.6785 6/15/2006 
15349A 43 - 48 
15349C 55 - 60 
147N, 55W, 29 SWSWSW 47.5230 -97.6990 6/15/2006 
15350A 131 - 140     
15350B 142 - 150 147N, 54W, 27 NENESE 47.5230 -97.5290 6/15/2006 
15350C 150 - 160     
S062106 379 - 400 142N, 54W, 17 SESESE 47.1185 -97.5466 6/21/2006 
S062706 245 - 260 144N, 55W, 19 SESESE 47.2774 -97.6945 6/27/2006 
S062806 300 - 320 143N, 55W, 2 NWNWNW 47.2341 -97.6150 6/28/2006 
15396 96 - 100 152N, 68W, 25 NESESE 47.9561 -99.3073 8/30/2006 






Analysis consisted of X-ray diffraction analysis for bulk mineralogy, total organic 
carbon analysis by the method of Churcher and Dickout, 1987, inorganic sulfide analysis 
by the method of Canfield et al., 1986, ferrous iron analysis using a modified method of 
Kennedy et al., 1999, and a method for organic sulfide adapted from Tabatabai, 1996 and 
LaCount et al., 1998. Prior to analysis, all samples were thawed overnight in a 
refrigerator, ground to a fine powder with mortar and pestle, and dried at 105° C for 24 
hours. All chemical analyses were carried out at UND’s Environmental Analytical 
Research Laboratory (EARL) under the supervision of the Lab Director. 
 
X-ray Diffraction 
X-ray diffraction (XRD) can be used for qualitative analysis of well-crystallized 
dominant minerals, while poorly crystallized generally can be overlooked (Tefsay, 2006; 
Poppe et al., 2002). Thus XRD was used in this study as a simple and cost-effective way 
of characterizing the varying shale samples. X-ray diffraction was accomplished using 
the Philips X-ray diffractometer housed in the UND Geology department. Samples were 
finely powdered by grinding 45 - 60 minutes with mortar and pestle. Approximately 0.5 
grams of dried sample powder was then packed into an aluminum sample holder capped 
with a glass slide to produce a flat mount surface. Copper Kα x-ray diffraction data was 
measured on the diffractometer with tube settings of 45 kV and 35 mA. A stepwise scan 
was used with step size of 0.02 degrees and a one-second step time. Samples were 
originally tested on a 2 θ range of 2 – 80 degrees. However, this was reduced to a more 
standard range of 2 – 60 degrees after it became clear few identifying peaks existed in the 
60 – 80 degree range. The 2 θ range of 2 – 60 degrees results in a measurement time of 
approximately one hour per sample. 
    
Mineral analysis was conducting by matching known mineral diffraction patterns 
from the International Center for Diffraction Data PDF-2 (Powder Diffraction File) 
database (1997) with those produced by the samples, using the software Jade 3.0. 
Although complete mineral compositions were not able to be obtained with this method, 
the dominant mineral species in each sample were identified. Some characteristic curves 
were also developed that proved useful for verifying formation identification. All XRD 
curves are reported in Appendix C. 
 
Inorganic Sulfide 
Inorganic sulfide was measured using the method of Canfield et al. (1986). The 
method is summarized here. Approximately one gram of sample was boiled for 1.75 
hours with an acidified and reduced (via Jones Reductor) CrCl2 solution that converts all 
the inorganic sulfide to H2S gas. This gas is collected in a 3% zinc acetate solution and 
acidified with 35 ml of 6 M HCl. These steps occur in sealed glassware in the presence of 
a nitrogen carrier gas. The now stable solution is treated with a 1% starch solution and a 
commercially prepared 0.1 N iodine indicator solution. This is then back titrated with 0.1 
N sodium thiosulfate solution (Na2S2O3) to determine the quantity of S-. This quantity is 
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assumed to be predominately the mineral pyrite based on XRD results. Recovery of a 
pyrite standard averaged 91.0 ± 2.4% (n = 6) (Appendix B).  
The sodium thiosulfate solution is not perfectly equivalent in strength to the 
iodine solution so the Na2S2O3 is titrated into a known quantity of iodine solution to 
calculate the equivalent difference. This should be done at least once every few days 
during an analysis run. The results of this test are reported as the I2 ratio (Appendix B). 
This ratio is then applied to the quantity of Na2S2O3 added to the sample solution to 
convert it to its equivalence as I2. At this point the final calculations are made using 
Equation 2. 
 
(mL I2 added – mL Na2S2O3 as I2 equivalent) x 1.603 = mg S-   (2)  
 
This mass of S- is compared to the original sample mass to find the percentage quantity.  
 
Organic Carbon 
Total organic carbon analysis was carried out by the method of Churcher and 
Dickout (1987) using the Shimadzu TOC-VcsN Total Organic Carbon Analyzer and 
SSM-5000A. Samples were ground to a fine powder and treated with a 5% HCl acid 
solution for 24 hours to remove all inorganic carbon, mostly in the form of calcite. High 
levels of inorganic carbon can interfere with organic carbon measurements. Samples were 
then filtered, dried at 104º C for 24 hours, reground, and weighed to determine the net 
inorganic carbon compound removed. The TOC-VcsN is then able to measure both total 
carbon by combustion at 960º C and inorganic carbon at 200º C by acidification, which in 
this method should be zero. The difference between the two measurements yields the 
organic carbon concentration. Standards of glucose (C6H12O6, 40% carbon) and 
powdered carbonate (CaCO3, 12% carbon) were used for total organic and inorganic 
carbon respectively with recoveries of 99.9 ± 2.0% (n = 9) (Appendix B).  
 
Organic carbon results must be adjusted to reflect the pre-treatment sample 
weight, since a portion of the sample is lost to acidification. This is done by dividing the 
measured value of OC by the quantity of 1 minus the % carbonate removed, which 
accounts for the mass lost. All percentages of OC reflect this pre-treatment equivalence. 
Furthermore, combustion analysis is very sensitive and relatively rapid, so duplicate 
analyses are routinely preformed on all samples. This provides a good record of results 
and allows problems to be found quickly. Results from the duplicates are averaged to get 
a singular value for each sample. Complete results of OC analysis and recoveries can be 
found in Appendix B. 
 
Organic Sulfur 
According to Tabatabai (1996) sulfur can occur in a variety of organic and 
inorganic forms. Tabatabai (1996) reports organic sulfur is typically measured as the 
difference between total S and inorganic S as SO42-. Rather than pursue a variety of 
chemical extractions to target a range of organic sulfur compounds, I decided, with the 
help of the EARL Lab director, to use my available techniques to my advantage. Figure 2 
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in LaCount et al. (1998, page 6) notes that organic sulfur compounds oxidize at a 
temperature range of 350º C to 425º C while inorganic sulfates oxidize at temperatures 
above 600º C. Furthermore the method by Canfield et al. (1986) specifically targets 
inorganic sulfide while exposing the sample to a large quantity (20 ml) of concentrated 
HCl and a temperature of 100º C for nearly 2 hours. This reaction effectively removes 
any soluble, inorganic S from the samples as it will occur predominantly as the sulfide 
form (Tabatabai 1996) leaving insoluble sulfates and organic sulfides. Barite was the 
most common inorganic sulfate expected to survive the Canfield Method. Results 
reported in Tables 6 and 7 below show that barite was essentially undetected by this 
method.  
 
Table 6: Combustion @ 600° C with pure barite showing some detection of S. 
Combustion analysis with pure Barite - 13.7% S 
Sample weight (mg) Temp (°C) %S 
barite 19.7 600 0.028 
barite 40.6 600 0.057 
barite 35.7 600 0.047 
barite 16.3 600 0.025 
barite 24.9 600 0.019 
barite 35.7 600 0.038 
barite 18.6 600 0.043 
barite 28.8 600 0.030 
barite 35.4 600 0.011 
 
Table 7: Combustion @ 600° C with an inert sample sediment mixed with barite to a 
achieve a 1% S sample.  Results indicate that barite was unlikely to be a contributing 
factor to S analysis. 
Combustion analysis with Barite dilluted to 1% S 
Sample weight (mg) Temp (°C) %S 
62616-1 197.7 600 0.00270 
62616-2 221.8 600 0.04120 
62616-3 204.5 600 0.02970 
62616-4 214.6 600 0.00885 
62616-5 210.7 600 0.00466 
62616-6 242.9 600 0.00368 
62616-7 231 600 0.00292 
62616-8 204.5 600 0.00125 
62616-9 198.1 600 -0.00141 
62616-10 256.2 600 -0.00094 
62616-11 227.7 600 0.00053 




Organic sulfur analysis was conducted using the LECO SC-432 DR Sulfur 
Analyzer. After the sample was digested via the method for inorganic sulfide (Canfield 
method), the sample was filtered, rinsed with deionized H20 and dried for 24 hours at 
104º C. Approximately 0.2g of the sample was then oxidized in the LECO Sulfur 
Analyzer at a temperature of 600º C. The resulting sulfur readings were assumed to be 
the result of OS. To produce a 0.5% organic sulfur standard, the EARL Laboratory 
director mixed the organic sulfur compound Cystine (C6H12N2O4S2) with an inert 
sediment sample. Recovery of 100.9 ± 2.4% (n = 12) was achieved with this standard 
(Appendix B).  
 
Since a portion of the sample is removed in the processing stages, through 
acidification, reduction, and other losses, the final measured concentration must be 
adjusted to reflect the pre-treatment weight. This is done in the same fashion as OC, 
where the measured concentration is divided by the quantity of 1 minus the percent of 
material lost to treatment. Also like the OC analysis, duplicate samples were run for each 
test and then averaged into a single value. Complete results of the organic sulfur analyses 
are reported in Appendix B. 
 
The detection limit on the Sulfur Analyzer was reported at 0.01% S- (LECO, 
2002) but duplicate results indicated that a lower practical detection limit existed.  Using 
the percent difference formula stated earlier, only five of the 35 samples analyzed were 
considered unreliable. Had the original 0.01 limit been used, an additional 11 samples 
would have been considered below detection, which is almost half of the sample set. 
 
Ferrous Iron 
Ferrous iron analysis was measured using a modified method by Kennedy et al 
(1999). This method calls for the sample to be treated with 5 M HCl, boiled in a water 
bath for 1 hour, and then shaken for a period of three days.  This method proved 
irreproducible, so several variations were attempted. When the acid concentration was 
reduced and the reaction times both in the bath and shaking time increased, the test 
became much more reliable. Chart 8 summarizes some different analysis attempted. 
 
Approximately 0.5 grams of dried and powdered sample was digested with 15 ml 
of 1 M HCl acid in a sealed vial. This solution was then boiled for a period of two hours 
in a water bath and then set on a rotator for seven days. The vial was then centrifuged and 
the liquid extract analyzed by spectrophotometer. The Hach method 8446 for ferrous iron 
involves 1-10 phenanthroline, which reacts with ferrous iron in the solution to produce an 
orange color. A dilution factor of 1000 was used to bring Fe(II) levels to within the range 
of the method. Recovery using a siderite (FeCO3) standard averaged 90.4 ± 4.5% (n = 8) 
(Appendix B). Ferrous iron percentage was calculated using Equation 3 from Tefsay 
(2006). 
 
(mg) sample dried of Mass
Factor)(Dilution  X (L)) acid of (Volume X (mg/L)) reading (Machine% Fe(II) =      (3) 
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Table 8:  Experiment highlighting the most successful combinations of experimental 
variables for the ferrous iron extraction method based on Kennedy, 1999. Wt – weight, 















  Fe(II) 
%  % R 
Siderite 10.3 4.965 2 2 500 0.015 0.5 0.54 81.57 
Siderite 12.6 6.073 2 2 500 0.015 0.5 0.69 85.20 
Siderite 13.3 6.411 2 2 500 0.015 0.5 0.74 86.57 
Siderite 13.4 6.459 2 7 500 0.015 0.5 0.75 87.08 
Siderite 13.9 6.700 2 7 500 0.015 0.5 0.74 82.83 
Siderite 12.2 5.880 2 7 500 0.015 0.5 0.68 86.72 
Siderite 11.9 5.736 2 2 1000 0.015 1 0.34 88.91 
Siderite 13.2 6.362 2 2 1000 0.015 1 0.38 89.58 
Siderite 11.7 5.639 2 7 1000 0.015 1 0.35 93.09 


























































(mg) I2 ratio 
A      
I2 (ml) 





as I2 (ml) 
mg S-      
((A - C) * 
1.603) 
%S-         
(mg S- /mg 
samp *100) 
15337A 1021.7 1.0576 4 0.66 0.698 5.293 0.52 
15337A 1847.3 1.0576 6 0.44 0.465 8.872 0.48 
15337B 1003.8 1.0455 3 0.19 0.199 4.491 0.45 
15337B 1694.9 1.0576 6 0.33 0.349 9.059 0.53 
15337C 1001.3 1.0074 3 0.240 0.242 4.421 0.44 
15338A 1002.4 1.0455 4 0.22 0.230 6.043 0.60 
15338A 1014.9 1.0576 4 0.26 0.275 5.971 0.59 
15338A 1793.0 1.0576 8 0.64 0.677 11.739 0.65 
15338B 1002.6 1.0576 3 0.795 0.841 3.461 0.35 
15338C 1007.3 1.0074 3 0.455 0.458 4.074 0.40 
15338C 1001.2 1.0074 3 0.478 0.482 4.037 0.40 
15338C 1792.8 1.0576 6 1.317 1.393 7.385 0.41 
15339A 1053.4 1.0455 2 0.16 0.167 2.938 0.28 
15339A 1685.7 1.0455 3 0.99 1.035 3.150 0.19 
15339B 1005.6 1.0576 2 0.185 0.196 2.892 0.29 
15339B 1708.5 1.0576 4 0.74 0.783 5.157 0.30 
15339C 1007.9 1.0074 4 0.560 0.564 5.508 0.55 
15339C 1678.5 1.0576 6 0.045 0.048 9.542 0.57 
15341A 1515.0 1.0575 3 0.465 0.492 4.021 0.27 
15341A 941.0 1.0455 2 0.46 0.481 2.435 0.26 
15341C 1004.0 1.0100 3 1.560 1.576 2.283 0.23 
15341C 1604.8 1.0576 3 0.160 0.169 4.538 0.28 
15343A 1834.5 1.0455 4 0.11 0.115 6.228 0.34 
15343C 1002.2 1.0074 4 1.575 1.587 3.869 0.39 
15343C 2001.4 1.0576 8 0.620 0.656 11.773 0.59 
15344A 1106.9 1.0455 3 0.575 0.601 3.845 0.35 
15344A 1618.6 1.0455 4 0.57 0.596 5.457 0.34 
15344C 1001.7 1.0100 3 0.290 0.293 4.339 0.43 
15344C 1680.4 1.0576 6 1.200 1.269 7.584 0.45 
15345A 1013.1 1.0455 3 0.53 0.554 3.921 0.39 
15345A 1785.2 1.0455 6 1.55 1.621 7.020 0.39 
15345C 1009.5 1.0074 2 0.510 0.514 2.382 0.24 
15345C 1757.5 1.0455 4 1.080 1.129 4.602 0.26 
15346A 1004.8 1.0455 6 0.67 0.701 8.495 0.85 
15346A 2040.6 1.0576 10 1.74 1.840 13.080 0.64 
15346C 1004.4 1.0074 7 0.930 0.937 9.719 0.97 
15346C 1422.2 1.0455 11 0.660 0.690 16.527 1.16 
15347A 1000.2 1.0455 2 0.42 0.439 2.502 0.25 
15347A 1805.4 1.0576 4 1.34 1.417 4.140 0.23 
15347C 1005.3 1.0074 2 0.660 0.665 2.140 0.21 
15347C 1820.0 1.0576 4 1.760 1.861 3.428 0.19 
15348A 1012.2 1.0455 7 0.835 0.873 9.822 0.97 








(mg) I2 ratio 
A      
I2 (ml) 





as I2 (ml) 
mg S-      
((A - C) * 
1.603) 
%S-         
(mg S- /mg 
samp *100) 
15348C 1002.3 1.0100 5 0.780 0.788 6.752 0.67 
15348C 1407.1 1.0455 9 0.780 0.815 13.120 0.93 
15349A 1088.0 1.0455 5 0.13 0.136 7.797 0.72 
15349A 1876.8 1.0455 10 0.65 0.680 14.941 0.80 
15349C 1001.1 1.0740 5 0.410 0.4403 7.309 0.73 
15349C 1615.0 1.0576 8 1.150 1.2162 10.874 0.67 
15350A 1059.9 1.0455 11 0.37 0.387 17.013 1.61 
15350A 1738.2 1.0455 18 1.13 1.181 26.960 1.55 
15350b 1020.5 1.0576 14 0.195 0.206 22.111 2.17 
15350B 1635.5 1.0576 24 1.25 1.322 36.353 2.22 
15350C 1001.0 1.0074 15 0.200 0.201 23.722 2.37 
15350C 1000.5 1.0074 15 0.395 0.398 23.407 2.34 
15350C 991.6 1.0576 16 1.155 1.222 23.690 2.39 
S062106 1000.9 1.0074 6 2.260 2.277 5.968 0.60 
S062106 1909.6 1.0576 7 0.695 0.735 10.043 0.53 
S062706 1001.6 1.0100 9 1.700 1.717 11.675 1.17 
S062706 1713.2 1.0576 13 0.625 0.661 19.779 1.15 
S062806 501.9 1.0074 3 1.170 1.179 2.920 0.58 
S062806 1695.6 1.0576 8 1.550 1.639 10.196 0.60 
T051506 1007.0 1.0100 4 0.777 0.785 5.154 0.51 
T051507 1634.0 1.0570 6 0.680 0.719 8.466 0.52 
T051806 1002.8 1.0100 4 0.550 0.556 5.522 0.55 
T051807 1589.1 1.0576 6 0.790 0.835 8.279 0.52 
T051905 1517.1 1.0574 5 0.920 0.973 6.456 0.43 
T051906 1001.7 1.0100 3 0.520 0.525 3.967 0.40 
15396 1493.0 1.0455 5 0.240 0.251 7.613 0.51 
15396 1002.5 1.0074 3 0.260 0.262 4.389 0.44 
15401 1007.8 1.0074 1 0.555 0.559 0.707 0.07 
15401 1615.2 1.0576 1 0.310 0.328 1.077 0.07 
        
Standards       % Recovery 
Pyrite 7.59 1.0286 5 0.595 0.612 7.034 92.686 
Pyrite 11.88 1.0074 7 0.05 0.050 11.140 93.773 
Pyrite 7.48 1.0074 5 0.78 0.786 6.755 90.277 
Pyrite 7.59 1.0100 5 0.65 0.657 6.963 91.746 
Pyrite 7.27 1.0074 4 0.06 0.060 6.315 86.869 
Pyrite 7.27 1.0074 5 0.88 0.887 6.594 90.704 








Table 10: Organic carbon analysis results. Columns labeled 1 and 2 represent duplicates 
of each sample.  OC is calculated by subtracting the IC value from the TOC value. 
Negative IC values are reported as zero. Average OC is the average value of the 
duplicates OC 1 and OC 2. TC – Total Carbon, IC – Inorganic Carbon, OC – Organic 
Carbon 
Field ID TC 1 TC 2 TC Avg IC 1 IC 2 
IC 
Avg OC 1 OC 2 
OC 
Avg 
15337A 1.115 1.129 1.122 0.019 0.022 0.02 1.096 1.107 1.102 
15337B 0.627 0.629 0.628 0.019 0.019 0.01 0.608 0.61 0.609 
15337B 0.854 0.885 0.8695 0 0 0 0.854 0.885 0.870 
15337C 0.644 0.668 0.656 0.014 0.013 0.01 0.63 0.655 0.642 
15338A 0.772 0.769 0.7705 0.013 0.013 0.01 0.759 0.756 0.757 
15338B 0.556 0.557 0.5565 0 0 0 0.556 0.557 0.556 
15338C 0.627 0.629 0.628 0.019 0.019 0.01 0.608 0.61 0.609 
15339A 0.477 0.479 0.478 0.003 0.003 0.00 0.474 0.476 0.475 
15339B 0.478 0.496 0.487 0 0 0 0.478 0.496 0.487 
15339C 0.474 0.487 0.4805 0.002 0.005 0.00 0.472 0.482 0.477 
15341A 0.638 0.617 0.6275 0 0 0 0.638 0.617 0.627 
15341C 0.442 0.435 0.4385 0 0 0 0.442 0.435 0.438 
15343A 0.39 0.386 0.388 0.002 0 0.00 0.388 0.386 0.387 
15343C 0.374 0.385 0.3795 0 0.003 0.00 0.374 0.382 0.378 
15344A 0.647 0.637 0.642 0.013 0.004 0.01 0.634 0.633 0.633 
15344C 0.627 0.614 0.6205 0.004 0 0.00 0.623 0.614 0.618 
15345A 1.236 1.252 1.244 0 0.002 0.00 1.236 1.25 1.243 
15345C 0.883 0.904 0.8935 0.006 0 0.00 0.877 0.904 0.890 
15346A 11.96 11.91 11.935 0 0 0 11.96 11.91 11.935 
15346C 7.952 7.821 7.8865 0 0 0 7.952 7.821 7.886 
15347A 0.81 0.799 0.8045 0 0 0 0.81 0.799 0.804 
15347A 0.822 0.819 0.8205 0 0 0 0.822 0.819 0.820 
15347C 1.058 1.057 1.0575 0 0 0 1.058 1.057 1.057 
15348A 2.016 2.005 2.0105 0.002 0.002 0.00 2.014 2.003 2.008 
15348C 2.207 2.202 2.2045 0 0 0 2.207 2.202 2.204 
15349A 9.438 9.367 9.4025 0.03 0.028 0.03 9.408 9.339 9.373 
15349C 6.391 6.371 6.381 0.014 0.011 0.01 6.377 6.36 6.368 
15350A 4.93 4.869 4.8995 0.017 0.021 0.02 4.913 4.848 4.880 
15350B 6.551 6.577 6.564 0.001 0 0.00 6.55 6.577 6.563 
15350B 5.729 5.699 5.714 0 0 0 5.729 5.699 5.714 
15350C 8.802 8.793 8.7975 0.021 0.018 0.02 8.781 8.775 8.778 
T051906 0.513 0.516 0.5145 0 0 0 0.513 0.516 0.514 
T051806 0.583 0.582 0.5825 0 0 0 0.583 0.582 0.582 
T051506 0.702 0.69 0.696 0 0 0 0.702 0.69 0.696 
S062106 8.58 8.679 8.6295 0 0 0 8.58 8.679 8.629 
S062706 1.677 1.722 1.6995 0 0 0 1.677 1.722 1.699 
S062806 3.529 3.517 3.523 0 0 0 3.529 3.517 3.523 
15396 0.649 0.67 0.6595 0 0 0 0.649 0.67 0.659 





Table 10 Cont. PT 1 and PT 2 are calculated from OC 1 and OC 2 on the previous page.  
IC- Inorganic Carbon, PT – Pre-Treatment, AT – After Treatment, IC – Inorganic Carbon 















(%C) 2 % Diff 
15337A 2.5394 0.1069 2.3148 0.3315 13.05 0.9529 0.9625 -0.499 
15337B 3.033 0.8445 3.644 0.2335 7.70 0.5612 0.5630 -0.164 
15337B 2.4723 0.8021 3.0898 0.1846 7.47 0.7902 0.8189 -1.783 
15337C 2.7429 0.8006 3.3615 0.182 6.64 0.5882 0.6115 -1.946 
15338A 3.0172 0.8459 3.619 0.2441 8.09 0.6976 0.6948 0.198 
15338B 2.5049 0.8062 3.3272 -0.016 0.0 0.5596 0.5606 -0.090 
15338C 3.033 0.8445 3.644 0.2335 7.70 0.5612 0.5630 -0.164 
15339A 2.7022 0.8715 3.3895 0.1842 6.82 0.4417 0.4436 -0.211 
15339B 2.622 0.8018 3.1653 0.2585 9.86 0.4309 0.4471 -1.848 
15339C 2.5828 0.7973 3.195 0.1851 7.17 0.4382 0.4475 -1.048 
15341A 2.6955 0.7928 3.3141 0.1742 6.46 0.5968 0.5771 1.673 
15341C 2.7865 0.6632 3.3525 0.0972 3.49 0.4266 0.4198 0.798 
15343A 2.6362 0.7986 3.2494 0.1854 7.03 0.3607 0.3589 0.258 
15343C 2.3808 0.7971 2.9083 0.2696 11.32 0.3316 0.3387 -1.058 
15344A 2.7441 0.7922 3.1449 0.3914 14.26 0.5436 0.5427 0.079 
15344C 2.5613 0.7951 2.8628 0.4936 19.27 0.5029 0.4957 0.728 
15345A 2.4446 0.7912 1.895 1.3408 54.85 0.5581 0.5644 -0.563 
15345C 2.4728 0.7979 1.6118 1.6589 67.09 0.2887 0.2975 -1.516 
15346A 2.7647 0.7966 2.278 1.2833 46.42 6.4085 6.3817 0.209 
15346C 2.4835 0.7947 2.2809 0.9973 40.16 4.7587 4.6803 0.831 
15347A 2.7512 0.7944 1.8507 1.6949 61.61 0.3110 0.3068 0.684 
15347A 2.4723 0.8029 1.7738 1.5014 60.73 0.3228 0.3216 0.183 
15347C 2.7167 0.7913 2.6431 0.8649 31.84 0.7212 0.7205 0.047 
15348A 2.5095 0.7974 3.1213 0.1856 7.40 1.8650 1.8549 0.274 
15348C 2.5905 0.8002 3.2365 0.1542 5.95 2.0756 2.0709 0.113 
15349A 2.7102 0.8036 2.6153 0.8985 33.15 6.2890 6.2429 0.368 
15349C 2.6771 0.8003 2.6275 0.8499 31.75 4.3525 4.3409 0.133 
15350A 2.5174 0.8004 2.7008 0.617 24.51 3.7089 3.6598 0.666 
15350B 2.9668 0.7977 3.0303 0.7342 24.75 4.9291 4.9494 -0.206 
15350B 2.6008 0.805 2.8245 0.5813 22.35 4.4485 4.4252 0.263 
15350C 2.7791 0.8015 2.8165 0.7641 27.49 6.3667 6.3624 0.034 
T051906 2.5433 0.8034 3.1985 0.1482 5.83 0.4831 0.4859 -0.292 
T051806 2.7229 0.796 3.3754 0.1435 5.27 0.5523 0.5513 0.086 
T051506 2.708 0.7942 3.3374 0.1648 6.09 0.6593 0.6480 0.862 
S062106 2.655 0.7936 1.9641 1.4845 55.91 3.7826 3.8263 -0.574 
S062706 2.7339 0.7922 3.3106 0.2155 7.88 1.5448 1.5863 -1.324 
S062806 2.6025 0.7912 2.6214 0.7723 29.68 2.4818 2.4733 0.170 
15396 2.1579 1.5851 2.6553 1.0877 50.41 0.3219 0.3323 -1.592 






Table 11: OC analysis standards. OC standard is glucose, 40% C and the IC standard is 
calcite, 12% C. OC – Organic Carbon, IC – Inorganic Carbon   
Standard OC % Recovery % 
C6H12O6, (40% carbon) 40.01 100.03 
C6H12O6 40.8 102.00 
C6H12O6 41.81 104.53 
C6H12O6 39.05 97.63 
C6H12O6 40.02 100.05 
C6H12O6 40.31 100.78 
C6H12O6 39.64 99.10 
C6H12O6 40.12 100.30 
 Average 100.55 
   
Standard IC % Recovery % 
CaCO3, (12% carbon) 11.92 99.33 
CaCO3 11.88 99.00 
CaCO3 11.79 98.25 
CaCO3 11.87 98.92 
CaCO3 12.32 102.67 
CaCO3 11.85 98.75 
CaCO3 11.47 95.58 
CaCO3 12.22 101.83 
CaCO3 11.88 99.00 
 Average 99.26 
   

















Table 12: Organic sulfide analysis results. Data shows how some samples exceeded the 
reproducibility tolerance of 25% while others were measured as exceedingly small and 
thus below detection. OS – Organic Sulfide, PT – Pre-Treatment, Eq – Equivalence  
Sample 
weight 
(mg) OS % average PT Eq Av PT Eq % Difference 
15337A 195.2 0.00368 0.00378 0.0029 0.0030 -2.65 
15337A 197.1 0.00388   0.0030     
15337B 207.6 0.00203 0.00559 0.0016 0.0044 -63.69 
15337B 209.1 0.00915   0.0072     
15338A 169.2 0.00769 0.010195 0.0063 0.0083 -24.57 
15338A 184.3 0.0127   0.0104     
15338C 199.9 0 4.5 x 10-6 0.0000 0.0000 -100.00 
15338C 218.5 0.000009   0.0000     
15339A 203.1 0.0175 0.0165 0.0149 0.0141 6.06 
15339A 203.5 0.0155   0.0132     
15339B 197.3 0.0116 0.0125 0.0092 0.0099 -7.20 
15339B 200.6 0.0134   0.0106     
15339C 208.8 0.0101 0.0109 0.0083 0.0089 -7.34 
15339C 208.4 0.0117   0.0096     
15341A 164.4 0.00397 0.00606 0.0027 0.0041 -34.49 
15341A 187.7 0.00815   0.0055     
15341C 165.8 0.0104 0.0115 0.0072 0.0079 -9.57 
15341C 195.5 0.0126   0.0087     
15343A 186.9 0.0127 0.01635 0.0101 0.0129 -22.32 
15343A 186.4 0.02   0.0158     
15343C 194.2 0.00685 0.008725 0.0057 0.0073 -21.49 
15343C 221.9 0.0106   0.0089     
15344A 192.2 0 0.000105 0.0000 0.0001 -100.00 
15344A 201.9 0.00021   0.0001     
15344C 201.3 0.0104 0.0106 0.0078 0.0080 -1.89 
15344C 200.4 0.0108   0.0081     
15345A 202.8 0.0151 0.0136 0.0059 0.0053 11.03 
15345A 199.7 0.0121   0.0048     
15345C 163.7 0.0337 0.0312 0.0092 0.0085 8.01 
15345C 165.2 0.0287   0.0078     
15346A 201.4 1.12 1.24 0.5744 0.6360 -9.68 
15346A 200.4 1.36   0.6975     
15346C 160 1.44 1.535 0.5856 0.6243 -6.19 
15346C 42.5 1.63   0.6629     
15346C 152.7 1.02 1.225 0.4148 0.4982 -16.73 
15346C 162 1.43   0.5816     
15347A 199.8 0.0109 0.010225 0.0036 0.0034 6.60 
15347A 200.7 0.00955   0.0032     
15347C 196.6 0.0162 0.0169 0.0051 0.0053 -4.14 
15347C 205.8 0.0176   0.0055     
15348A 174.2 0.181 0.181 0.1115 0.1115 0.00 
15348A 218.6 0.181   0.1115     
15348C 171.8 0.156 0.158 0.0967 0.0980 -1.27 
15348C 155.8 0.16   0.0992     
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Table 12 Cont. OS – Organic Sulfide, PT – Pre-Treatment, Eq – Equivalence  
Sample 
weight 
(mg) OS % average PT Eq Av PT Eq % Diference 
15349A 156.8 1.41 1.45 0.8306 0.8542 -2.76 
15349A 178.9 1.49   0.8777     
15349C 237.2 1.22 1.23 0.7286 0.7346 -0.81 
15349C 199.7 1.24   0.7405     
15350A 186.1 1.02 1.0075 0.6297 0.6219 1.24 
15350A 178.6 0.995   0.6142     
15350B 205.6 0.67 0.726 0.4343 0.4706 -7.71 
15350B 199.6 0.782   0.5069     
15350C 197.2 1.25 1.225 0.7552 0.7401 2.04 
15350C 192.2 1.2   0.7250     
T051506 215.9 0.00761 0.006665 0.0061 0.0054 14.18 
T051506 204.7 0.00572   0.0046     
T051806 200 0.00801 0.008035 0.0067 0.0067 -0.31 
T051806 196.3 0.00806   0.0067     
T051906 197.5 0.00618 0.00994 0.0046 0.0073 -37.83 
T051906 186.1 0.0137   0.0101     
S062106 193.7 1.16 1.15 0.5370 0.5324 0.87 
S062106 165.6 1.14   0.5277     
S062706 203.8 0.0469 0.0472 0.0379 0.0382 -0.64 
S062706 193.5 0.0475   0.0384     
S062806 205.8 0.131 0.1285 0.0961 0.0942 1.95 
S062806 230.8 0.126   0.0924     
15396 161.5 0.0162 0.01565 0.0127 0.0123 3.51 
15396 181.3 0.0151   0.0119     
15401 203.5 0.00737 0.009335 0.0053 0.0068 -21.05 
15401 198.3 0.0113   0.0082     
 




(mg) OS % Recovery 
OS std 98.3 0.509 101.8 
OS std 191.9 0.503 100.6 
OS std 254 0.497 99.4 
OS std 92 0.527 105.4 
OS std 191.8 0.494 98.8 
OS std 262.4 0.5 100 
OS std 104.8 0.528 105.6 
OS std 208.8 0.498 99.6 
OS std 260.3 0.495 99 
OS std 107.7 0.498 99.6 
OS std 203.9 0.512 102.4 
OS std 264.6 0.493 98.6 
  average 100.9 
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Table 14: Fe(II) extraction analysis results. Wt –weight,  AA – Amount Acid, BT – 
Boiling Time, RT – Rotation Time, DF – Dilution Factor, MR – Machine Reading    






(hr) RT (dy) DF MR % Fe(II)  
15337a 0.4931 1M 0.015 2 7 1000 0.32 0.973 
15337a 0.5018 1M 0.015 2 7 1000 0.33 0.986 
15337b 0.5142 1M 0.015 2 7 1000 0.31 0.904 
15337C 0.5022 1M 0.015 2 7 1000 0.3 0.896 
15338a 0.4986 1M 0.015 2 7 1000 0.45 1.354 
15338b 0.5411 1M 0.015 2 7 1000 0.45 1.247 
15338C 0.5549 1M 0.015 2 7 1000 0.51 1.379 
15339a 0.5145 1M 0.015 2 7 1000 0.19 0.554 
15339b 0.5026 1M 0.015 2 7 1000 0.21 0.627 
15339C 0.4897 1M 0.015 2 7 1000 0.19 0.582 
15341a 0.4957 1M 0.015 2 7 1000 0.25 0.757 
15341C 0.51 1M 0.015 2 7 1000 0.3 0.882 
15343a 0.5256 1M 0.015 2 7 1000 0.29 0.828 
15343C 0.5198 1M 0.015 2 7 1000 0.32 0.923 
15344a 0.507 1M 0.015 2 7 1000 0.61 1.805 
15344a 0.5009 1M 0.015 2 7 1000 0.58 1.737 
15344C 0.5081 1M 0.015 2 7 1000 0.56 1.653 
15345a 0.4973 1M 0.015 2 7 1000 0.37 1.116 
15345C 0.5415 1M 0.015 2 7 1000 1.56 4.321 
15345C 0.5019 1M 0.015 2 7 1000 1.4 4.184 
15345C 0.511 1M 0.015 2 7 1000 1.48 4.344 
15345C 0.5427 1M 0.015 2 7 1000 1.61 4.450 
15346a 0.5227 1M 0.015 2 7 1000 0.25 0.717 
15346C 0.5465 1M 0.015 2 7 1000 0.23 0.631 
15347a 0.5321 1M 0.015 2 7 1000 0.64 1.804 
15347C 0.4777 1M 0.015 2 7 1000 0.25 0.785 
15348a 0.4942 1M 0.015 2 7 1000 0.24 0.728 
15348C 0.5182 1M 0.015 2 7 1000 0.32 0.926 
15349a 0.5103 1M 0.015 2 7 1000 0.26 0.764 
15349a 0.5125 1M 0.015 2 7 1000 0.21 0.615 
15349C 0.4956 1M 0.015 2 7 1000 0.21 0.636 
15350a 0.542 1M 0.015 2 7 1000 0.14 0.387 
15350a 0.5092 1M 0.015 2 7 1000 0.13 0.383 
15350b 0.4955 1M 0.015 2 7 1000 0.14 0.424 
15350C 0.5065 1M 0.015 2 7 1000 0.2 0.592 
S062106 0.4898 1M 0.015 2 7 1000 0.19 0.582 
S062706 0.5093 1M 0.015 2 7 1000 0.4 1.178 
S062806 0.5194 1M 0.015 2 7 1000 0.37 1.069 
T051506 0.5191 1M 0.015 2 7 1000 0.36 1.040 
T051806 0.4825 1M 0.015 2 7 1000 0.33 1.026 
T051906 0.5166 1M 0.015 2 7 1000 0.34 0.987 
T051906 0.5118 1M 0.015 2 7 1000 0.39 1.143 
15396 0.4898 1M 0.015 2 7 1000 0.24 0.735 
15396 0.5053 1M 0.015 2 7 1000 0.33 0.980 
15401 0.5241 1M 0.015 2 7 1000 0.46 1.317 
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Table 15: Fe(II) extraction analysis standards results. Standard is Siderite – 48.2% Fe (II). 
Wt –weight,  AA – Amount Acid, BT – Boiling Time, RT – Rotation Time, DF – 









(dy) DF MR Recovery (%) 
Fe st 0.0127 1M 0.015 2 7 1000 0.36 88.215 
Fe st 0.0118 1M 0.015 2 7 1000 0.33 87.031 
Fe St 0.0121 1M 0.015 2 7 1000 0.34 87.445 
Fe st 0.0131 1M 0.015 2 7 1000 0.37 87.897 
Fe st 0.0118 1M 0.015 2 7 1000 0.37 97.580 
Fe st 0.0123 1M 0.015 2 7 1000 0.34 86.023 
Fe st 0.0117 1M 0.015 2 7 1000 0.35 93.095 
Fe st 0.0123 1M 0.015 2 7 1000 0.38 96.144 
       average 90.42 

































Table 16: Summary table of duplicate analyses for all electron donors tested. Fe(II) 
values represent those from the extraction analysis.  NR – Not Reproducible 
Field ID %S- % Diff 
OS (BT 
Eq) (%) % Diff. 
OC (BT 
eq) (%) % Diff. Fe (II) (%) % Diff.
15337A 0.518 3.79 0.003  0.9577  0.973 -0.66 
15337A rpt 0.480      0.986  
15337B 0.447 -8.87 NR  0.5621 -17.74 0.904  
15337B rpt 0.534    0.80455    
15337C 0.442  No Data  0.59985  0.896  
15338A 0.603 1.22 0.008  0.6962  1.354  
15338A rpt 0.588 -5.34       
15338A rpt 0.655        
15338B 0.345  No Data  0.560  1.247  
15338C 0.404 0.15 NR  0.5621  1.349  
15338C rpt 0.403 -1.07       
15338C rpt 0.412        
15339A 0.279 19.76 0.014  0.44265  0.554  
15339A rpt 0.187        
15339B 0.288 -2.42 0.01  0.439  0.627  
15339B prt 0.302        
15339C 0.546 -1.97 0.009  0.44285  0.582  
15339C prt 0.568        
15341A 0.265 1.26 NR  0.58695  0.757  
15341A rpt 0.259        
15341C 0.227 -10.85 0.008  0.4232  0.882  
15341C rpt 0.283        
15343A 0.339  0.013  0.360  0.828  
15343C 0.386 -20.76 0.0075  0.33515  0.983  
15343C rpt 0.588        
15344A 0.347 1.50 NR  0.54315  1.802 1.84 
15344A rpt 0.337      1.737  
15344C 0.433 -2.04 0.008  0.4993  1.653  
15344C rpt 0.451        
15345A 0.387 -0.80 0.0055  0.56125  1.116  
15345A rpt 0.393        
15345C 0.236 -5.19 0.0085  0.2931  4.321 -0.27 
15345C rpt 0.262      4.344  
15346A 0.845 13.75 0.636  6.3951  0.717  
15346A rpt 0.641        
15346C 0.968 -9.13 0.4985 -11.22 4.720  0.632  
15346C rpt 1.162  0.6245      
15347A 0.250 4.34 0.0034  0.309 -2.11 1.804  
15347A rpt 0.229    0.322    
15347C 0.213 6.11 0.0055  0.72085  0.785  
15347C rpt 0.188        
15348A 0.970 2.98 0.111  1.860  0.728  
15348A rpt 0.914        
15348C 0.674 -16.11 0.098  2.07325  0.986  
15348C rpt 0.932        
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Table 16 Cont. NR – Not Reproducible 
Field ID %S- % Diff 
OS (BT 
Eq) (%) % Diff. 
OC (BT 
eq) (%) % Diff. Fe (II) (%) % Diff.
15349A 0.717 -5.25 0.8545   6.26595   0.764 10.89 
15349A rpt 0.796           0.614   
15349C 0.730 4.05 0.735   4.3467   0.636   
15349C rpt 0.673               
15350A 1.605 1.71 0.622   3.684   0.387 0.52 
15350A rpt 1.551           0.383   
15350B 2.167 -1.28 0.4705   4.93925 5.36 0.424   
15350B rpt 2.223       4.43685       
15350C 2.370 0.64 0.74   6.365   0.592   
15350C rpt 2.340 -1.05             
15350C rpt 2.389               
S062106 0.596 6.27 0.5325   3.80445   0.582   
S062106 rpt 0.526               
S062706 1.166 0.48 0.038   1.56555   1.178   
S062707 rpt 1.155               
S062806 0.582 -1.66 0.094   2.47755   1.068   
S062807 rpt 0.601               
T051506 0.512 -0.61 0.0055   0.65365   1.04   
T051506 rpt 0.518               
T051806 0.551 2.77 0.007   0.5518   1.026   
T051806 rpt 0.521               
T051906  0.426 3.59 NR   0.4845   0.987 -7.32 
T051906 rpt 0.396           1.143   
15396 0.510 7.61 0.0125   0.3271   0.735 -14.29 
15396 rpt 0.438           0.98   
15401 0.070 2.50 0.0065   0.71035   1.316   




















Table 17: Summary table of results by borehole and Munsell colors for selected samples.  
Field ID Formation %IS- 





(%) Hue Value Chroma
15337 Pierre 0.484 BD 0.731 0.940 Gley 4.0 /10b 
15338 Pierre 0.487 0.008 0.606 1.317 Gley 2.5 /10BG 
15339 Pierre 0.362 0.011 0.442 0.588 Gley 3.0 /N 
15341 Pierre 0.259 0.008 0.505 0.820 Gley 3.0 /5B 
15343 Pierre 0.438 0.010 0.347 0.906 Gley 3.0 /5B 
15344 Pierre 0.392 0.008 0.521 1.731 Gley 4.0 /N 
15345 Niobrara 0.320 0.007 0.427 3.260 Gley 4.0 /N 
15346 Niobrara 0.904 0.586 5.557 0.675 Gley 3.0 /N 
15347 Niobrara 0.220 0.006 0.451 1.295 Gley 7.0 /10Y 
15348 Carlile 0.873 0.105 1.967 0.857 Gley 2.5 /N 
15349 Niobrara 0.729 0.795 5.306 0.671 Gley 3.0 /10Y 
15350A Greenhorn 2.092 0.611 4.856 0.447 Gley 3.0 /10Y 
15350B Greenhorn         Gley 2.5 /10Y 
15350C Greenhorn         Gley 3.0 /N 




Table 18: Results of the Shapiro & Wilk “W-test” (Gilbert, 1987) for normal distribution 
of donor data.  
Ho: The population has a lognormal distribution    
Ha: The population does not have a lognormal distribution   





Rejected  Donor W W 0.05 * 
Ln Is X    Ln Is 0.931 0.905 
IS   X  IS 0.767 0.905 
Ln OS   X  Ln OS 0.781 0.897 
OS   X  OS 0.600 0.897 
Ln OC   X  Ln OC 0.838 0.905 
OC   X  OC 0.707 0.905 
Ln Total Fe X    Ln Total Fe 0.929 0.905 
Total Fe   X  Total Fe 0.724 0.905 
Ln Long   X  Ln Long 0.830 0.905 
Long   X  Long 0.830 0.905 

























































X-ray Data Scans 
 
These figures represent the X-ray diffraction patterns analyzed for this study. As 
noted earlier, the name includes the well #, such as 15341, and a letter designation for 
depth. The sample taken closest to the bedrock/till interface is designated “A”. The 
deepest sample from a borehole was designated “C”. If an intermediate sample was 
taken, this was designated with a “B”. Samples starting with “S” or “T” did not have an 
associated well # and were thus given their current designations.  
 Pyrite was the primary target of these scans and is present in nearly every sample, 
as is quartz. In some samples a minor mineral, such as gismondine (Ca2Al4Si4O16 · 9 
H2O) an altered plagioclase mineral, is identified by the software, but is likely only 















Figure 13: XRD scan of 15337 C. 
 
 
Figure 14: XRD scan of 15338A. 
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Figure 15: XRD scan of 15338 B. 
 
 
Figure 16: XRD scan of 15338 C. 
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Figure 17: XRD scan of 15339 A. 
 
 
Figure 18: XRD scan of 15339 C. 
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Figure 19: XRD scan of 15341 A. 
 
Figure 20: XRD scan of 15343 A. 
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Figure 21: XRD scan of 15344 A. 
 
 
Figure 22: XRD scan of 15345 A. 
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Figure 24: XRD scan of 15346 A. 
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Figure 25: XRD scan of 15346 C. 
 
 
Figure 26: XRD scan of 15347 A. 
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Figure 27: XRD scan of 15347 C. 
 
 
Figure 28: XRD scan of 15348 A. 
 65
 
Figure 29: XRD scan of 15348 C. 
 
 
Figure 30: XRD scan of 15349 A. 
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Figure 31: XRD scan of 15350 A. 
 
 
Figure 32: XRD scan of 15350 B. 
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Figure 35: XRD scan of S062706. 
 
 
Figure 36: XRD scan of S062806. 
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Figure 37: XRD scan of 15396. 
 
 
Figure 38: XRD scan of 15401. 
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Figure 39: XRD scan of T051506. 
 
 
Figure 40: XRD scan of T051806. 
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Drilling was conducted in the summer of 2006 using the ND State Water 
Commission’s Forward Rotary Drill rig equipped with a clay bit. Cuttings were described 
until the bedrock was penetrated. At that time I collected two or three samples of cuttings 
in 10 foot intervals starting with a sample close to the bedrock till interface. Any changes 
in color or composition within the bedrock were noted in the logs. Samples T051506 – 
T051806, S062106 – S062806, 15396, and 15401 do not have duplicate samples. Instead, 
a single sample represents the bedrock unit in those locations as these samples were 
generously provided by members of the NDSWC as part of their regular summer drilling 
schedule. Observation wells were installed at a few of the sites and are noted in the logs. 
Information on these wells can be obtained by contacting the NDSWC. 
 
 Site elevations were determined using USGS topographic maps in most cases and 
GPS units in other cases. The Public Land Survey System and Cartesian Coordinates are 
provided for each borehole. The locations within the sections are designated by quarter-
quarter-quarter sections by NE, NW, SE, SW designations. Several samples were taken at 
the outer quarter of a section such as 143-064-10 SW SW SW which is the SW quarter of 















Figure 42: The SW quarter (1) of the SW quarter (2) of the SW quarter (3) of Section 10.  
 
 
 I described the logs for samples 15337 through 15350. The logs for samples 
T051506 – T051806, S062106 – S062806, 15396, and 15401 were described by members 














Sample ID: 15337 
Location: 144-066-34 SE SW SW  
Data Source: NDSWC 
Date Drilled: 06/12/2006 
County: Stutsman 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Pipestem Creek 
Surface Elev. (ft): 1,522.00 
Coord (Long,Lat): -99.02630, 47.24135 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 100 
Bedrock Depth (ft): 66 
 
 
Lithologic Log – 15337  
Interval 
(ft) Unit Description 
0 - 3 TOPSOIL silty clay, @ 20% clay 
3 - 8 GRAVEL poorly sorted, carbonates, some igneous, detrital shale-angular 
8 - 11 LOAM silty-clay, gray, @ 25% clay 
11 - 13 SAND predominantly fine, some medium and coarse, brown 
13 - 18 SAND predominantly medium, some coarse, detrital lignite, fluvial, @5% clay 
18 - 42 SAND predominantly medium, some fine and coarse, gray, detrital lignite 
42 - 44 SAND fine, gray 
44 - 66 SAND medium to coarse, some fine, gray, detrital lignite 
66 - 80 SHALE dark gray, sticky, small cuttings 
80 - 90 SHALE dark gray, clay shale, 0.1 to 1 c chips 





Sample ID: 15338 
Location: 145-067-23 NW NW NW  
Data Source: NDSWC  
Date Drilled: 06/12/2006  
County: Foster  
Purpose: Test Hole  
Aquifer: Undefined  
Basin: Pipestem Creek  
Surface Elev. (ft) 1,565.00  
Coord (Long,Lat) -99.17997, 47.36950  
Elevation Source (Datum): Topographic 
Map (NAVD29)  
Total Depth (ft) 40 






Lithologic Log – 15338  
Interval 
(ft) Unit Description 
0 - 4 SAND fine 
4 - 5 GRAVEL brown, poorly sorted 
5 - 15 GRAVEL brown, till intermixed with gravel, @ 15-20% clay, detrital shale, carbonates, bands of till and gravel, shale 
15 - 20 SHALE gray, 0.1 to 2 cm, slightly brittle 





Sample ID: 15339 
Location: 143-064-10 SW SW SW  
Data Source: NDSWC 
Date Drilled: 06/12/2006 
County: Stutsman 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: James River 
Surface Elev. (ft): 1,510.00 
Coord (Long,Lat): -98.78368, 47.21234 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 40 
Bedrock Depth (ft): 20 
 
 
Lithologic Log – 15339  
Interval 
(ft) Unit Description 
0 - 7 SILT some fine sand, @ 10%clay 
7 - 14 TILL light brown, @ 15-20% clay, some iron concretions, oxidized 
14 - 17 TILL unoxidized, fine sandy, @ 10% clay, light gray, intermixed with gravel 
17 - 18 TILL same as above, light gray 













Sample ID: 15341 
Location: 143-062-04 SE SW SW  
Data Source: NDSWC 
Date Drilled: 06/13/2006 
County: Stutsman 
Purpose: Test Hole 
Aquifer: Till 
Basin: Sheyenne River 
Surface Elev. (ft): 1,520.00 
Coord (Long,Lat): -98.54023, 47.22675 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 275 
Bedrock Depth (ft): 235
 
 
Lithologic Log – 15341  
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL coarse sand 
1 - 5 TILL brown, some gravel, sandy, 10-15% clay 
5 - 9 TILL brown, oxidized, some gravel, 20% clay 
9 - 21 TILL unoxidized, some sand and gravel, some gravel lenses marked by bit chatter 
21 - 24 SILT with very fine sand, dark gray 
24 - 46 TILL dark gray, intermittent gravel lenses w/ detrital lignite 
46 - 60 SAND coarse with fine to medium gravel. 20-50% detrital shale.  
60 - 160 TILL gray, 15-35% clay, varying with depth, intermittent sand and gravel lenses, with detrital shale 
160 - 235 TILL as above, gravel at @ 168 ft. with detrital shale 
235 - 249 SHALE soft, weathered, silty, dark gray, greasy 





Sample ID: 15343 
Location: 145-057-08 NE NE NE 
Data Source: NDSWC 
Date Drilled: 06/14/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Till 
Basin: Sheyenne River 
Surface Elev. (ft): 1,462.00 
Coord (Long,Lat): -97.94469, 47.39744 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 60 






Lithologic Log – 15343  
Interval 
(ft) Unit Description 
0 - 6 GRAVEL fine, with coarse sand, brown 
6 - 12 TILL dark brown, high organic content, @ 25-30% clay, drill chatter at 6', possible gravel lens.  
12 - 25 TILL gray, very silty, @ 10 to 15% clay 
25 - 36 TILL gray, @ 15-20% clay, w/detrital shale 




Sample ID: 15344 
Location: 145-056-04 SE SE SE  
Data Source: NDSWC 
Date Drilled: 06/14/2006 
County: Steele 
Purpose: Observation Well 
Aquifer: Pierre Shale 
Basin: Goose River 
Casing Type: PVC 
Diameter (in.): 2.0 
MP Elevation (ft): 1,370.00 
Screened Interval (ft): 50 - 60 
Surface Elev. (ft): 1,370.00 
Coord (Long,Lat): -97.79512, 47.39884 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 60 
Bedrock Depth (ft): 36
 
 
Lithologic Log – 15344  
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL dark brown, high organic 
1 - 9 TILL light brown, oxidized, gritty, @ 20% clay, some fine sand and gravel  
9 - 14 TILL light brown, some fine to med. sand, @ 10 to 15% clay, mottling at @ 12 ft. 
14 - 28 TILL dark gray, @ 10 to 15% clay, sandy 
28 - 34 SILT dark gray, with some clay 
34 - 36 TILL dark gray, as above, with detrital shale 
36 - 50 SHALE gray, weathered, soft to slightly brittle,, shale/siltstone, fragments 0.5 to 1 cm. 




Sample ID: 15345 
Location: 146-056-36 NW NW NW 
Data Source: NDSWC 
Date Drilled: 06/14/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Goose River 
Surface Elev. (ft): 1,230.00 
Coord (Long,Lat): -97.74953, 47.42596 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 40 
Bedrock Depth (ft): 9
 
 
Lithologic Log – 15345  
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL dark brown, high organic 
1 - 3 GRAVEL fine gravel and coarse sand, with detrital shale 
3 - 12 SILTSTONE very light gray, @ 20 to 25% clay, iron oxidized mottles, very silty. At 9' more gray in color 
9 - 12 SHALE shale and siltstone, gray, weathered, soft, 1-4 cm cuttings. At 15-20' darker and more firm. 
21 - 33 SHALE gray, soft, weathered, sticky and slow drilling, 1-2 mm chips 




Sample ID: 15346 
Location: 145-055-04 NW NW NW 
Data Source: NDSWC 
Date Drilled: 06/14/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Goose River 
Surface Elev. (ft): 1,200.00 
Coord (Long,Lat): -97.68572, 47.41111 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 75 













Lithologic Log – 15346  
Interval 
(ft) Unit Description 
0 - 2 TOPSOIL gravelly coarse sand 
2 - 8 GRAVEL fine gravel and coarse sand, dark brown, w/detrital shale, subangular 
8 - 17 SAND med. and coarse sand, dark brown, slight gravel 
17 - 21 CLAY silty clay, gray 
21 - 31 SAND coarse, w/fine gravel, shale-rich, @ 70 to 80% shale, black 
31 - 41 CLAY silty, gray 
48 - 49 SHALE black 
49 - 54 CLAY silty, gray, some detrital shale 
54 - 75 SHALE black, soft, silty, calcareous (effervescent in acid), possible Niobrara, 0.1-0.3 cm chips.  
 
 
Sample ID: 15347 
Location: 145-055-07 NW NW NE  
Data Source: NDSWC 
Date Drilled: 06/15/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Till 
Basin: Goose River 
Surface Elev. (ft): 1,245.00 
Coord (Long,Lat): -97.72587, 47.39688 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 77 
Bedrock Depth (ft): 55 
 
 
Lithologic Log – 15347  
Interval 
(ft) Unit Description 
0 - 2 SAND medium, brown 
2 - 8 TILL light yellowish brown, @ 20% clay, some fine sand, detrital shale flecks 
8 - 18 TILL with gravel lenses, med gravel, brown, fluvially reworked till 
18 - 20 TILL gray, unoxidized, w/gravel lenses 
20 - 21 COBBLES granite drill chips 
21 - 26 TILL dark gray, soft, some fine sand, silty 
26 - 31 SILT some fine sand, dark gray, @ 10% clay 
31 - 55 TILL dark gray, silty, 10-15% clay, some detrital shale, drill chatter at 48' 
55 - 77 SILTSTONE gray, weathered, soft, calcareous (effervescent in acid) (possible Niobrara). More clay with depth, becomes more firm. 
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Sample ID: 15348 
Location: 147-055-04 SW SW SE  
Data Source: NDSWC 
Date Drilled: 06/15/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Till 
Basin: Goose River 
Surface Elev. (ft): 1,195.00 
Coord (Long,Lat): -97.68221, 47.57234 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 95 
Bedrock Depth (ft): 74
 
 
Lithologic Log – 15348  
Interval 
(ft) Unit Description 
0 - 3 TOPSOIL  
3 - 14 TILL brown, oxidized, @ 15-20% clay, sandy 
14 - 15 GRAVEL bit chatter, 40-50% shale 
15 - 19 TILL brown, as above 
19 - 35 TILL gray, unoxidized, some fine sand, interbedded gravel 
35 - 49 TILL dark gray, unoxidized, silty, @ 10to 15% clay, w/detrital shale,   cobble at 37', shale-rich gravel at 41' 
49 - 56 SILT dark gray 
56 - 74 TILL dark gray, interbedded silt and sand lenses 







Sample ID: 15349 
Location: 147-055-29 SW SW SW 
Data Source: NDSWC 
Date Drilled: 06/15/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Goose River 
Surface Elev. (ft): 1,210.00 
Coord (Long,Lat): -97.70660, 47.51462 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 60 








Lithologic Log – 15349  
Interval 
(ft) Unit Description 
0 - 3 TOPSOIL  
3 - 6 SAND brown, coarse, some fine to medium gravel 
6 - 7 COBBLES  
7 - 11 SAND & GRAVEL coarse sand, fine gravel, brown, @ 40% shale 
11 - 24 TILL gray, unoxidized, @ 20% clay, silty, some interbedded gravel lenses 
24 - 35 SILT gray, smooth 
35 - 43 TILL gray, @ 15-20% clay, some fine sand 
43 - 60 SHALE 
dark gray to black, calcareous (effervescent in acid) , smooth, 
soft, forms dark gray to black slime on top of drilling fluid. 









Sample ID: 15350 
Location: 147-054-27 NE NE SE 
Data Source: NDSWC 
Date Drilled: 06/15/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Goose River 
Surface Elev. (ft): 1,010.00 
Coord (Long,Lat): -97.51740, 47.52451 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 160 



















Sample ID: T051906 
Location: 138-071-08 NW SW SW  
Data Source: NDSWC 
Date Drilled: 05/18/2006 
County: Kidder 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Apple Creek 
Surface Elev. (ft): 1,813.00 
Coord (Long,Lat): -99.67930, 46.78536 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 120 





Lithologic Log - 15350 
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL  
1 - 6 CLAY dark brown, silty, @ 20% clay 
6 - 10 SILT brown, some clay @ 10% 
10 - 15 SILT 15-20% clay, high organic matter content 
15 - 16 SILT light yellowish brown, @ 15-20% clay 
16 - 20 SILT gray, as above, unoxidized 
20 - 22 SAND & GRAVEL gray, carbonate and shale rocks, @ 30% detrital shale 
22 - 34 SILT gray, @ 15% clay, smooth drilling 
34 - 52 SILT clayey, @ 20% clay, gray, some plastic clay, gray 
52 - 65 TILL gray, @ 20% clay, interbedded w/ thin gravel lenses, smooth 
65 - 81 TILL 25-30% clay, interbedded sand 
81 - 83 TILL gray, @ 15% clay, fine sand 
83 - 84 COBBLES dolomite cobble 
84 - 93 TILL as above 
93 - 107 TILL gray, w/ occasional cobbles and gravel 
107 - 131 TILL plastic, gray, some shale flecks, some fine sand, interbedded with gravel 
131 - 142 SHALE dark gray, dense clay, plastic, iron concretions, gray to black, possible Carlile Formation. 
142 - 160 SHALE silty, @ 10% clay, greasy, soft, calcareous, possible Greenhorn Formation. 
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Lithologic Log – T051906 
Interval (ft) Unit Description 
0 - 21 SAND Sand, fine to coarse, oxidized 
21 - 28 SAND Sand, fine to coarse, reduced 
28 - 31 CLAY Clay, silty, olive gray (5Y 3/2) 
31 - 37 CLAY Clay, silty, slightly sandy, slightly pebbly, olive gray
37 - 38 ROCK Rock 
38 - 64 CLAY Clay, silty, slightly sandy, slightly pebbly, olive gray
64 - 74 CLAY Clay, silty, olive gray 
74 - 101 CLAY Clay, silty, slightly sandy, slightly pebbly, olive gray
101 - 120 CLAYSTONE Clay, silty, dark gray (N/3) (Bedrock) 
 
 
Sample ID: T051806 
Location: 138-072-02 SW SE SE 
Data Source: NDSWC 
Date Drilled: 05/18/2006 
County: Kidder 
Purpose: Observation Well 
Aquifer: Central Dakota 
Basin: Apple Creek 
Casing Type: PVC 
Diameter (in.): 2.0 
MP Elevation (ft): 1,781.15 
Screened Interval (ft): 118 - 123 
Surface Elev. (ft): 1,779.56 
Coord (Long,Lat): -99.73384, 46.79291 
Elevation Source (Datum): GPS 
(NAVD29) 
Total Depth (ft): 160 
Bedrock Depth (ft): 132 
 
 
Lithologic Log – T051806 
Interval (ft) Unit Description 
0 - 11 SAND Sand, fine to coarse, oxidized 
11 - 19 CLAY Clay, silty, olive gray (5Y 3/2), reduced 
19 - 22 SAND Sand, fine 
22 - 37 CLAY Clay, silty, olive gray 
37 - 46 CLAY Clay, olive gray 
46 - 51 SAND Sand, fine to coarse 
51 - 72 CLAY Clay, olive gray 
72 - 81 SAND Sand, fine to coarse, gravelly, fine 
81 - 116 CLAY Clay, silty, sandy, slightly pebbly, olive gray (Till)
116 - 124 SAND & GRAVEL Sand, fine to coarse, gravelly, fine and medium 
124 - 132 CLAY Clay, silty, slightly sandy, olive gray 




Sample ID: T051506 
Location: 139-072-34 SE SE NE 
Data Source: NDSWC 
Date Drilled: 05/15/2006 
County: Kidder 
Purpose: Observation Well - Recorder 
Aquifer: Central Dakota 
Basin: Apple Creek 
Casing Type: PVC 
Diameter (in.): 2.0 
MP Elevation (ft): 1,748.08 
Screened Interval (ft): 138 - 143 
Surface Elev. (ft): 1,746.25 
Coord (Long,Lat): -99.74442, 46.80928 
Elevation Source (Datum): GPS 
(NAVD29) 
Total Depth (ft): 400 
Bedrock Depth (ft): 386 
 
 
Lithologic Log – T051506  
Interval (ft) Unit Description 
0 - 6 SAND Sand, fine and medium, oxidized 
6 - 8 CLAY Clay, silty, dusky yellow (5Y 6/4), oxidized 
8 - 21 SAND Sand, fine and medium, oxidized 
21 - 68 SAND Sand, fine and medium, reduced 
68 - 72 CLAY Clay, silty, olive gray (5Y 3/2) 
72 - 85 SAND Sand, fine to coarse, gravelly, fine 
85 - 86 COBBLES Cobles 
86 - 96 CLAY Clay, silty, olive gray 
96 - 103 SAND Sand, fine to coarse 
103 - 112 CLAY Clay, silty, sandy, olive gray 
112 - 114 CLAY Clay, silty, olive gray 
114 - 121 CLAY Clay, silty, sandy, olive gray 
121 - 142 SAND Sand, fine to coarse, gravelly, fine 
142 - 153 SAND & GRAVEL Sand, fine to coarse, gravelly, fine to coarse 
153 - 163 CLAY Clay, silty, sandy, olive gray 
163 - 186 CLAY Clay, silty, olive gray 
186 - 272 CLAY Clay, silty, olive gray 
272 - 278 CLAY Clay, silty, sandy, olive gray 
278 - 314 CLAY Clay, silty, olive gray 
314 - 386 CLAY Clay, silty, sandy, olive gray (Till) 








Sample ID: S062106 
Location: 142-054-17 SE SE SE  
Data Source; NDSWC 
Date Drilled: 06/21/2006 
County: Cass 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Maple River 
Surface Elev. (ft): 1,195.00 
Coord (Long,Lat): -97.53756, 47.10978 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 400 




Lithologic Log – S062106 
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL Black 
1 - 4 CLAY Very silty, sandy, brown, oxidized 
4 - 6 CLAY Silty, sandy, pebbly, brown, oxidized (till) 
6 - 13 SAND Very fine to fine, predominantly very fine sand, brown, oxidized 
24 - 26 CLAY Very silty to silt, very clayey, gray (lacustrine) 
13 - 24 SAND Very fine to fine, predominantly very fine, gray, unoxidized 
26 - 36 SAND Very fine to coarse, predominantly medium to coarse sand, gray 
36 - 40 GRAVEL 
Fine to coarse, predominantly medium gravel, with interbedded 
sand, gravel consists predominantly of shales, subangular to 
subrounded 
40 - 58 CLAY Very silty to silt, very clayey, gray (lacustrine) 
58 - 120 CLAY Silty, sandy, pebbly, gray, slightly plastic, interbedded fine sand from 101'-120', more clayey from 103'-120', moderately plastic 
120 - 
138 SAND 
Fine to coarse sand, predominantly fine to medium, gray, 
predominantly shales, subangular to subrounded 
138 - 
175 CLAY Very silty to silt, very clayey, gray (lacustrine) 
175 - 
379 CLAY 
Silty, sandy, pebbly, gray, moderately silty to slightly silty, clay 
became more sandy with depth, rock at 179'-180', sand at 205'-210', 
212'-218', rocks at 224'-225', 234'-235', 247'-248', 318'-319', 331'-
332', 334'-335', 347'-349', 370'-371' (till) 
379 - 
400 SHALE 
Clay, silty, brown to dark gray, soft to slightly indurated, plastic to 








Sample ID: S062706 
Location: 144-055-19 SE SE SE 
Data Source: NDSWC 
Date Drilled: 06/27/2006 
County: Steele 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Goose River 
Surface Elev. (ft): 1,175.00 
Coord (Long,Lat): -97.68646, 47.26971 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 260 
Bedrock Depth (ft): 245 
 
 
Lithologic Log – S062706 
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL Black 
1 - 8 CLAY Silty, minimal sand and pebbles, brown, slightly firm, slightly to moderately plastic oxidized (till) 
8 - 9 CLAY Very silty, brown, slightly firm, non plastic, oxidized (lacustrine) 
9 - 25 CLAY Very silty, gray, slightly firm, non plastic (lacustrine) 
25 - 26 GRAVEL Fine to coarse, angular to subangular, composed of silicate minerals and shale, predominantly shale 
26 - 245 CLAY 
Silty, sandy, pebbly, gray, slightly firm, slightly to moderately 
plastic, rock from 28'-29', more sandy from 29'-41', rocks from 41'-
42', 48'-49', 156-157' 
245 - 260 SHALE 
Clay, silty dark gray, firm, moderately plastic to plastic, waxy, fine 








Sample ID: S062806 
Location: 143-055-02 NW NW NW  
Data Source: NDSWC 
Date Drilled: 06/28/2006 
County: Cass 
Purpose: Test Hole 
Aquifer: Undefined 
Basin: Goose River 
Surface Elev. (ft): 1,182.00 
Coord (Long,Lat): -97.62010, 47.23830 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 320 








Lithologic Log – S062806 
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL Black 
1 - 24 CLAY Silty, sandy, pebbly, occasional cobble, brown, slightly firm, slightly to moderately plastic, oxidized (till) 
24 - 34 CLAY Very, silty, gray, slightly firm, non plastic (lacustrine) 
34 - 37 SAND Very fine to fine, gray, moderately sorted 
37 - 41 CLAY Clay, very silty, gray, slightly firm, non plastic (lacustrine) 
41 - 86 SAND 
Very fine to coarse, predominantly fine to medium sand, 
moderately sorted, composed predominantly of shale, becomes 
more coarse with depth. 
86 - 94 SAND & GRAVEL 
Fine sand to medium gravel, subrounded to subangular, composed 
predominantly of shale 
94 - 300 CLAY 
Silty, sandy, pebbly, occasional cobbles in a clay matrix, gray, 
moderately firm, slightly to moderately plastic, (till), rocks 
encountered at 110'-111', 119'-120', fine sand from 124'-129', rocks 
encountered at 136'-137', 138'-139', less sand in clay matrix from 
144'-300', fine sand from 162'-164, rocks encountered from 248'-
249', 251'-252', 268'-269', 289'-290', 291'-292', clay more firm 
from 292-300 slow drilling 
300 - 
320 SHALE 
Clay, silty, dark gray, firm to slightly indurated, moderately plastic 
to brittle, waxy, fine grained crystals within clay matix (bedrock 




Sample ID: 15396 
Location: 152-068-25 NE SE SE 
Data Source: NDSWC 
Date Drilled: 09/08/2006 
County: Benson 
Purpose: Observation Well 
Aquifer: Gravel Sediments 
Basin: Sheyenne River 
Casing Type: PVC 
 
 
Diameter (in.): 2.0 
MP Elevation (ft): 1,549.22 
Screened Interval (ft): 25 - 30 
Surface Elev. (ft): 1,547.49 
Coord (Long,Lat): -99.29860, 47.95615 
Elevation Source (Datum): GPS 
(NAVD29) 
Total Depth (ft): 100 






Lithologic Log – 15396  
Interval 
(ft) Unit Description 
0 - 1 TOPSOIL sandy, black 
1 - 15 GRAVEL med. to course, abundant large detrital lignite fragments 
15 - 30 GRAVEL fine to course, grayer than above but mainly oxidized, 2 to 5 mm shale fragments, abundant carbonates and pink quartz fragments 
30 - 94 TILL gray, est. 25 -30% clay, gritty 




Sample ID: 15401 
Location: 151-061-19 SW NW SW  
Data Source: NDSWC 
Date Drilled: 09/08/2006 
County: Nelson 
Purpose: Test Hole 
Aquifer: Clay Sediments 
Basin: Sheyenne River 
Surface Elev. (ft): 1,450.00 
Coord (Long,Lat): -98.52431, 47.87981 
Elevation Source (Datum): Topographic 
Map (NAVD29) 
Total Depth (ft): 40 
Bedrock Depth (ft): 25 
 
 
Lithologic Log - 15401 
Interval (ft) Unit Description 
0 - 3 TOPSOIL black 
3 - 4 SAND course and fine, with gravel 
4 - 14 CLAY est. 40% with silt, stiff, grayish brown with mottles 
14 - 21 CLAY est. 40%, silty, brown, mottled, very stiff 
21 - 25 CLAY et. 40%, dark gray, very stiff 
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Summaries of Selected References 
 
The following appendix summarizes a variety of papers with special significance 
to the geology of the units sampled, the geochemistry tested, mineralogy investigated, 
relevant sources on denitrification, and other important observations.  
 
 
Tourtelot’s 1962 review was among the first in a line of publications from the 
USGS in an effort to analyze and characterize the Pierre Shale in the central Great Plains. 
The report presented standard rock analysis for data from Montana, Wyoming, and South 
Dakota. Clay minerals dominate the samples and of that smectite and illite were the 
dominant types. Chlorite and kaolinite were also present. Of the non-clay minerals, 
quartz was dominant with a significant amount of cristobalite measured in one sample. 
Minor minerals included feldspar, gypsum, pyrite (about 1%), dolomite, calcite, and 
siderite. Only one sample, identified as Sharon Springs was found to be organic-rich. 
Most samples contained less than 0.05% organic carbon although a few contained ≥ 1%. 
Ferrous iron concentrations were measured as ferrous oxide and averaged about 5%; 
however, the technique used is noted as being susceptible to influence by organic matter. 
Iron is considered as originating in the clay minerals, although pyrite and siderite 
potentially contain significant amounts as well. Sulfur predominantly existed as sulfide, 
although it was also composed of various sulfate compounds, soluble sulfur, and likely an 
organic fraction as well. 
 
In a later professional paper, Gill and Cobban (1965) note that pyrite is present in 
the Pierre Shale of the Pembina Gorge. This represents the lone North Dakota sample 
from the USGS investigation. Rader and Grimaldi (1961) describe the methods used in 
these studies and noted that the ratio of organic matter to organic carbon was 1.36.  
  
Tourtelot (1964) also comments on the general deposition of the Pierre, noting 
that most material in the east was very fine and likely transported hundreds of miles from 
the west. The eastern shores were already heavily eroded and contributed little to the 
eastern sediments. The carbonate-rich sediments are said to have originated in a coastal 
plain. Again, significant amounts of organic matter and pyrite are reported from the 
eastern Pierre and its depositional mechanism is speculated on, noting that very limited 
burial is required to restrict oxygen movement to the sediments.  
  
Vine and Tourtelot (1970) report that most black shales originate in marine or 
brackish environments and have an organic carbon content of 3% or higher, while the 
majority of shales have an estimated quantity of organic carbon of 0.65%. These high 
quantities provide a source of sulfate reduction. Heavy minerals are found to be enriched 
in the clay fraction of the shale 
  
Wosick (1977) noted that the Cretaceous Niobrara, Carlile, and Greenhorn shales 
found in Eastern North Dakota were deposited by an epicontinental sea with depths as 
great as 600 feet, but probably averaging 100 feet. The Greenhorn Formation is described 
as a “light gray, calcareous mudstone with interbedded marls” (p. 17). The Carlile is 
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described with three members; a lower dark, noncalcareous shale, a middle sandy 
member only found in extreme southwestern North Dakota, and a dark, noncalcareous 
shale with limestone concretions. The Niobrara Formation is generally divided into two 
units in northeastern North Dakota, a lower calcareous shale and an upper chalky shale. 
He later indicates that the absence of foraminiferids or calcareous marls indicates that the 
Carlile was deposited under more turbid conditions then the Greenhorn Formation.  
  
Tourtelot’s 1979 paper on black shales notes that many black shales, averaging 2 
– 10% organic carbon tend to be marine in origin and very widespread, on the order of 
thousands of square kilometers. The emphasis of organic carbon preservation is on the 
supply of organic carbon to the system. This determines how quickly oxygen may be 
consumed and how much remains to be preserved. Hydrogen sulfide tends to be 
preserved under the same conditions organic carbon is preserved. Different sedimentary 
basin models are discussed in terms of their preservation characteristics. The proposed 
continental shelf model seems to fit most descriptions of North Dakota deposition 
(Bluemle, 1986a; Shurr, 1984) whereby organic matter inputs from offshore are mixed 
with material produced in the photic zone, but are not preserved until they settle on the 
ocean bottom and are buried. Only a small amount of burial is required to preserve the 
sediments. The accumulation of organic material is controlled by organic productivity, 
depositional rates of organic and clastic material, and the intensity of oxidation.  
  
Tourtelot (1979) also describes zones of diagenesis for black shales. Each zone 
represents a further reduced state of the material. These zones have similar characteristics 
to the electron acceptor series described by McMahon et al. (2008). In the uppermost 
zone, sulfate reduction occurs resulting in the formation of pyrite, C12 enriched 
carbonates, and phosphates. Under further burial, sediments enter a zone of fermentation 
where methane is produced by the reduction of CO2. Further burial and diagenesis results 
in the zone of decarboxylation where organic matter is transformed chemically instead of 
biologically. Siderite is characteristic of this zone. The final zone is a zone of 
hydrocarbon formation where liquid and gaseous hydrocarbons will likely form. Further 
burial results in metamorphism of the parent rock and recrystallization of its minerals. 
Clearly, the shales of North Dakota were subject primarily to diagenesis occurring in the 
first zone, sulfate reduction.  
   
Schultz et al. (1980) is a regional study of the Pierre Formation. They note that 
the only units abundant in pyrite are the organic-rich Sharon Springs Member, which is 
equivalent to the Pembina Member in North Dakota. Quartz and clay minerals are said to 
predominate, while the presence of calcite, cristobalite, pyrite, gypsum, jarosite, siderite, 
feldspar, and zeolites are also noted.  It is observed that organic matter, pyrite, and 
ferrous iron tend to be associated with one another, which is not surprising since the 
presence of organic matter favors reducing conditions and the production of ferrous iron 
and or pyrite.  They again state that the shale was largely deposited in an offshore marine 
environment and the sediments were derived almost exclusively from the western source 




 Merewether and Cobban (1981) commented on the origin of the Late Creataceous 
shale formations. The Greenhorn Formation is represented by calcareous shale or 
noncalcareous shale in some areas that was deposited offshore in an open-marine 
environment during the early Turonian. The Carlile Formation conformably overlies the 
Greenhorn, was also deposited in offshore marine environments, and was deposited in a 
transgressive event during middle Turonian through middle Coniacian time. The 
overlying Niobrara is conformable in some areas though not in others (Rieskind, 1986) 
and was deposited during late Coniacian time, again representing open-ocean marine 
environments. Most of these observations are based on material in South Dakota and 
some of southern Minnesota. Separate transgressive events are responsible for each 
formation.  Reiskind (1986) confirms the open ocean depositional environment for the 
Niobrara in eastern North Dakota based on a variety of stratigraphic indicators.  
  
Shurr (1984) states that the Niobrara Formation is generally a chalk and chalky 
shale that subcrops beneath glacial till in central South Dakota and eastern North Dakota. 
The formation is generally conformable with the Carlile and the Pierre in eastern North 
Dakota. The overlying lower member of the Pierre tends to thin from southwest to 
northeast while the Niobrara becomes more chalky. The Niobrara Formation is suggested 
to have been deposited as a carbonate ramp along the eastern margin of the epicontinental 
seaway.  
  
Pratt (1984), in a study of Greenhorn cores from Colorado, proposed that a 
brackish-water surface layer could have developed in the Western Interior Seaway as a 
result of heavy coastal runoff. In areas where the waters were deep enough sluggish 
currents and stable water column stratification could have occurred, restricting oxygen in 
lower levels, leading to enhanced preservation of organic material. This is a likely 
possibility along the western shore, but not so likely along the eastern strandlines. 
  
MacDonald and Byers (1988) extensively discuss the deposition of the Greenhorn 
Formation in the western basin of the seaway, i.e. Wyoming, Montana, and westernmost 
South Dakota. The formation is late Cenomanian to early Turonian.  
  
Pratt and Brassell (1994) comment that sulfur is very common and potentially 
abundant in organic-rich sediments and black shales, in particular, due to diagenic 
processes. “Sulfides, organic sulfur compounds, and elemental sulfur commonly form in 
marine and saline-lake sediments when organic matter is oxidized by sulfate-reducing 
bacteria” (pg. 150). The sulfur content of organic matter deposited in shales is estimated 
at 1%, meaning the organic S portion of the whole rock is likely less than 0.1%.  
  
Parrish and Gautier (1993) found evidence in the Sharon Springs Member of the 
Pierre shale that is consistent with upwelling along the eastern shoreline. This upwelling 
was driven in part by northerly winds, much like the occurrence along the California 
coastline today. They also suggest that the vast majority of the pyrite found in the shale is 
a result  of diagenesis, and thus was formed within the sediment.  
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In a shale denitrification study in Colorado, McMahon et al. (1999) found that 
90% of the sulfide in the Pierre was in the form of pyrite, which was also the only sulfide 
mineral found with X-ray analysis. Organic carbon and ferrous iron were found to be the 
predominant electron donor in the shale during the injection testing. The upper 2-3 meters 
of the shale, which is in contact with the overlying alluvial sediments was found to be 
more oxidized than the deeper sediments. The highest weight percentages of sulfide and 
organic carbon in the shale were 0.39% and 0.40% respectively.  
  
Aravena and Roberson (1998) evaluated an aquifer undergoing active 
denitrification.  They comment that the presence of ferrous iron and increasing 
concentrations of SO4- associated with decreasing nitrate levels are often used as 
evidence of pyrite oxidation as the source of denitrification. However, the absence of 
ferrous iron cannot rule out this process since the ferrous iron could be being produced, 
consumed, and then precipitated at the same time. They conclude from water chemistry 
data and sulfur isotopes that denitrification is occurring in the aquifer by both pyrite and 
ferrous iron. The ferrous iron at the site is not present in the denitrification zone, but is 
present below levels were nitrate is no longer detected.  
  
The discussion between Gerla (1993) and Swanson (1993) demonstrates how the 
process of denitrification was found to exist in an eastern North Dakota aquifer. Gerla 
(1992) observed that groundwater flowpaths through the Elk Valley Aquifer became 
enriched in SO4- with a net loss of cations. He attributed this loss to the precipitation of 
calcite and cation exchange and the enrichment to the dissolution of gypsum. Swanson 
(1993) suggested that pyrite oxidation was a more likely source of SO4- than gypsum, 
which is highly soluble and likely washed out of the aquifer sediments during glacial 
deposition. He was not able to explain, however, what constituent, other than oxygen, 
may be responsible for pyrite oxidation. Gerla (1993) in his reply agreed that another 
oxidizing agent would need to be present to oxidize pyrite within the aquifer system. 
Mayer (1992) was then able to show that nitrate, a strong oxidant, was present in the Elk 
Valley aquifer, and that it was likely undergoing denitrification with depth, resulting in 
the production of sulfate.  
  
In a review of pyrite formation Schoonon (2004) sates that pyrite is the only iron 
sulfide mineral to form in marine environments and may form as euhedral crystals or 
aggregates of crystallites. He also states that about half of the organic matter in coastal 
marine settings is metabolized with sulfate to form pyrite. 
  
Kulp and Pratt (2004) characterized the Pierre Formation as well as its Sharon 
Springs Member in South Dakota. They report that the shale contains 50-70% clay, 
which is mostly montmorillonite with small amounts of illite or kaolinite. Quartz, 
feldspar, dolomite, pyrite and organic carbon make up the non-clay portion. Organic 
carbon ranged from 0.5% to 7% while inorganic carbon ranged from nearly zero to 10%. 
Insoluble S ranged from nearly zero to 4%. Numerous bentonite beds are reported from 
within the Pierre and are related to frequent volcanic events, which occurred in the 
western US during the Late Cretaceous.  
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In a study of Pennsylvanian shales from Kansas, Nebraska, and Missouri, Shultz 
(2004) finds that the limiting factor in pyrite formation is the amount of buried organic 
matter. However, in restricted circulation environments (euxinic) the limiting factor is the 
amount of reactive iron present, typically as coatings on sedimentary grains. In these 
environments, pyrite may form at the sediment water interface and or in the water column 
itself, as well as below the sediments. As a result, S in black shales from these 
environments is typically better correlated with iron than organic carbon.  
  
Shultz (2004) also reports that S is present in all modern and ancient marine 
sediments and may be present as pyrite, acid-volatile sulfides, elemental S, sulfates, 
organic S, or any combination of these. The overall composition of S may therefore be 
used to interpret the diagenetic environment of a marine sediment. He also states that the 
Canfield method is the most reproducible and efficient method of obtaining inorganic 
sulfide data.  
  
Cuthbertson et al. (2007) report that the Pembina Member in Manitoba is a black, 
carbonaceous shale with numerous nonfossil bearing bentonite seams within the beds. 
The unit itself contains many fossils, although selenite crystals are common in the fossils.  
  
Jorgensen and Nelson (2004) report on the sulfur cycle. They conclude that sulfur 
cycling is “dependent on a conveyer-belt function of the benthic infauna, which brings 
pyrite upward to become reoxidized at the sediment-water interface and at the same time 
transports iron oxides downward and thereby recharges and maintains the sulfur cycle in 
the suboxic zone” (pg. 68). The material needs to be exhumed so that pyrite can react 
with oxygen, which is the only thing that will oxidize it in a marine environment 
(seawater typically being low in nitrate).  
  
Paytan et al. (2004) report that pyrite forms in sediment by reduction with organic 
carbon oxidation. This process is most common in shelf, deltaic, estuarine, and 
hemipelagic muds then it is in the deep ocean.  
  
Werne et al. (2004) interprets the necessary conditions for organic S to form as 
first, the reduction of sulfate to sulfide, which implies an anoxic environment, the 
presence of reactive organic matter, and a limited quantity of iron species since pyrite 
formation is believed to be the favored reaction to organic sulfurization. Although pyrite 
is the dominant reduced sulfur species organic sulfur may also be a significant portion of 
the sulfur pool. “The fundamental control on biogeochemistry of sulfur isotopes, and 
specifically on the sulfur isotope composition of organic matter, is the microbial 
oxidative and reductive cycling of different forms of sulfur” (pg. 136). 
  
White and Arthur (2006) found that in the Carlile studied in Colorado, Nebraska, 
and Iowa, organic material was composed of vitrinite (woody matter), inertinite 
(charcoal), foraminifera remains, and pollen and spores. High OC% and CaCO3% is 
generally related to highstands and low values are generally related to lowstands. The 
transition between the Greenhorn and Carlile records increased organic matter 
production.  
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Cicimurri (2001) found using assemblages of elasmobranchs that several smaller 
regressive events took place during the widespread transgressive phase of the Greenhorn 
cyclothem. 
  
According to McMahon and Chapelle, (2008) redox processes are the dominant 
framework within all aquifer systems. They determine whether naturally occurring metals 
are mobilized or immobilized, contribute to the degradation or preservation of 
anthropogenic contaminants, and have the potential to create undesirable by-products 
such as hydrogen sulfide. The redox conditions alter in a predictable manner. Oxygen is 
the most energetic electron donor and tends to be consumed along aquifer flowpaths. 
Once conditions become anoxic, electron donors are consumed in the following order, 
assuming they are present, nitrate, manganese(IV), Fe(III), sulfate, and carbon dioxide. 
This sequential system tends to produce zones within aquifers which can be measured 
and delineated based upon multiple water samples. “Geology, climate, and hydrology 
influence redox process primarily through their controls on ground water residence time 
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